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PREFACE 


Many investigators have published data concerning hydrioi 
concentration, (a) in relation to plant cells and tissues, and (b 
in relation to the effects upon plants of the reaction of the medium 
e. g. growth, distribution, germination etc., as affected or apparent 
ly affected by pH. The methods used have been very varie( 
and the results have not yet been correlated to any satisfactor 
degree. 

The present monograph is an attempt to bring together th 
main results concerning the first group of data and to discus 
the various methods used in the researches. The second grou] 
of data is considered separately in another volume now bein; 
prepared, but it is deemed advisable to limit the contents of thi 
monograph rather strictly to the details and significance of th 
internal reaction of plant cells and tissues. 

The writer takes this opportunity of recording his gratitml 
for the invaluable help received, during these investigations am 
during the writing of this monograph, from his colleagues am 
students, including Professor T. H. Milroy, Miss M. W. Rea 
Miss S, H. ]\[artin, Miss M. J. Lynn, Miss M. Clapham, Mr. J. I 
Armstron(}, and particularly Mr. C. T. Inoold. He also tala* 
this ()])])()rtunity of thanking Professor Friedl Weber for tli' 
unfailing int(‘r(‘st and courtesy, tin* fri(‘ndly eneoui‘ag(*in(uit aiK 
assistance* which ha\(“ brought so many of the* \\orkc‘rs in thi 
field into fruitful e()-o])(*ration. 

An imle.x to authors and another to the ])lants mentionec 
are givaui at the end, but the need for a subji*(;t index has !)eei 
met by a fully paginated list of contents which it is believed wdl 
be more helpful as a guide than an alphabetical list of references 

Belfast, 10“^ Feby. 1929 


James Small 
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PART I 

INTRODUCTION 


CHAPTER I 

THE PlIOBLEMS 

1. PRCrrETNS. 2. ENZYMES. 3. BUFFERS. 4. SAP, PROTOPLAST 
AND WALL. 5. VARIATION IN REACTION 

Tlic fundamental work of Sorensen (1909 sqq.), Michaelis 
(1909 sqq.) and others has made it certain that the concentration 
of hydrogxui ions is oik^ of the important factors in the regulation 
of enzymic activity. The work of Loeb (1918 sqq., 1922), Paum 
( 1922) and others has made it just as certain that, in spite of 

ol)jecti()ns raised by Kopaczewski (192()), reaction is also 
a very important factor in relation to the characters and acti¬ 
vities of ])roteins in vitro. Vles (1925) suggests a still greater 
im])oi‘ta,n(x^ for reaction in relation to the formation and stal)ility 
of tli(^ ])r()t(vin com[)l(vxes whicli occur in living protoplasm. 

Th(‘ im])ortiint regulating pow(u* of riaxction in (mzymic and 
protein activities luiving Ixam (hanonstrated, quit(‘ a larger number 
of pro])l(mis immediately ])rcxsent tlumiselves to tlie hotanical 
])hysiologist. Many similar pro])lems have beem considered b\' 
the zoological physiologists and, so far as tlie human organism 
is concerned, many of the problems have been solved more or 
less satisfactorily. 

These jyroblems, in relation to plant cells and tissues, may 
be conveniently considered under several headings. 

1. PROTEINS 

The more complex of these ampholytes are known to he 
relatively easily broken down into simpler sul)stanc(‘s of a similar 
Protoplasma-Moiiograpliien II: Small 1 
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CHAPTER I 


nature. One of the first problems which arise is the range of pH 
within which plant proteins are stable. The range will probably 
vary with different protein-complexes and may vary, as Ko- 
PACZEWSKi (1926) suggests, with the concentration of the sub¬ 
stances, with the order and rapidity of the changes in the fluid, 
with the degree of dispersion of the colloid protein, with the 
viscosity of the fluid, with the salt content and with other facdors. 

Within the stable range, changes in the pH may, and ac¬ 
cording to Loeb and others do, have a considerable (d’feet upon 
many of the properties of proteins, e. g. water-holding ca}>acity, 
rate of swelling or imbibition; -viscosity; osmotic pressure; con¬ 
ductivity; combination with acids or bases. These effects may 
reach a maximum around the critical point for arnpholytic; pro¬ 
teins which is known as the iso-electric point; but two consi¬ 
derations must be emphasized in this connection — 1. that 
characteristic iso-electric points may be a property only of (hv 
natured proteins; and 2. that factors other than liydrion-concen- 
tration may be so strong that the apparent iso-clectric point 
fluctuates on the pH scale according to the conditions govonuMl 
by these other factors. Lobb’s main thesis concerning ])rotein 
iso-electric points is regarded by Kopaozbwski and some otluT 
colloid-chemists as a dangerous simplification. Everyone, how(W(u\ 
admits the importance of pH in relation to the pro])(‘rti<‘s of 
proteins. 

Many problems then arise concerning ilu^ (d’h^ds of variat ion 
in pH upon plant proteins, (a) as part of tlu^ living e(dl and (b) 
as reserve materials. 

Proteins are known to be important constituemts of th(‘ 
plasmatic lining of the living vacuolated cell, and the probhuns 
involved include the effects of variation in ])H on tliis layer. 
Permeability to solutes either in the molecular or in ih(‘ ionie 
condition, the selectivity of the perrneal)ility, the (d’f(Mdiv(‘ os¬ 
motic pressure of solutes, the turgidity and growth of ih(‘ e(dl, 
and many other physiological x>henoinena may or may nol, b(' 
affected by changes in hydrioii-concentratiou, (tonsidercMl as af¬ 
fecting the proteins of the jdasmatic lining of ilu^ (adl. 

The nucleus of the living cell and especially Hk; consi itu<‘nt 
chromosomes are known to be composed largt^ly of ])rot(dn ma¬ 
terials. The problems involved here arc of vtny fundamental 
imjjortance. By acting iq)on the nuclear proteins, va.ria.lions 
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in pH may have an effect upon the vegetative activity of the 
nuclourt, upon nuclear division, upon the chromosomes as reganls 
their individuality, their persistence, their evolutions in mitosis 
and ineiosis, and upon these bodies as the bearers of hereditary 
factors. 


3. ENZYMES 

The reaction of the medium is known definitely to be a factor 
of some considerable importance in controlling the activity of 
enzymes. Kacli enzyme shows an optimal reaction and usually 
also an upixtr and a lower limit beyond which the enzyme is 
eith<T inacitivated or destroyed. In these characters enzymes 
differ amongst themselves and even the same enzyme, or rather 
eiizymes with the same action, may he found to differ as reganls 
the Of)timal ])H of the medium when derived from different 
HOur<‘.eH. Further the o])iirnal pH may vary for the same enzyme 
from the same source when the action of the enzyme is either 
<!onsidere<l in relation to different characters of the mixed fluid 
or is taking ])laco in media with different c()nstit\Huits e. g. buffers. 

These fa(its hav(% Ixhmi d(»termined for the action of (uizymes 
in. vitro., and they raiH(' various probkuns in eonnection with i.h(‘ 
effect of th(i intcu’iial roiiction of plant <{ells upon th(‘ activiti(\s 
of t.hc! contained enzvm(»s. That enzym(‘s vary in a(‘.tivity within 
plants is obvious from tlie known data (U)n(UTning g(*rmination 
and other forms of nMKJwed growth and is probable in many othcT 
phases of plant life, e, g. si.ora.ge of reserves (‘tc. 

OtluM* |>robU*ms art' iluMi pr(‘S(uit(‘(l for possible' solution. 
Whai, for e\a.mpl(', an* the* n'sults of n'ae^t-ion <*ff('els on (*nzvin(‘s 
upon tin* growth, the* food proiluetion, the* n'spiralion and otlie'r 
m(*ta.l)oli(; a(*l.ivil.i<*s of the* (*(*11ddu'se* might. W(*ll vary from 
tissues to tissue* and he* eliffereiit in edile)renchyma, ])are*ne*liyma, 
meuMstems, stomata, glands, linings of rcssiii canals and gum or 
oil elu<d.H etei. Variatiems in pH may be associate^d with elif- 
f(*r(*n(ie*s in thei fuimtie)!! eu* the structure* e)f (u*lls, su<*li 
as exxiur in eliffe'ivnt tissues e)r in Hj)ecial ])arts Jike^ the polle'n 
grains and emhrye) sac. (livciii a number e)f onzym(*.s in a eu*ll 
with different optimal reaeitiems, the actual i)H might we*ll de*- 
te*rniino the relative activity e)f the enzymes anel thus elirc*(!t. 
or (‘ontrol the metahedism e)f tJuj (‘e*ll t.owarels a sjxxdal enel-pe)iiit, 
Hoes it 'i 


1* 
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3, BUFFERS 

Assuming the probable importance of reaction and variation 
in reaction within the various cells of the plant, w(s nnist con¬ 
sider the factors governing the reaction. The prodiustion of <?ar- 
bonic acid and more complex organic acids is known to be* a 
general feature of metabolism. Katabolism in g(meral consisis 
of oxidation and hydrolysis, the former proctess Ixdng ones whieh 
usually ends in carbon dioxide an<l water, aftcu* having pass(‘d 
through various stages involving the formation of organic*, acids. 
Any control of the internal pH should, thercjforc^, bo <^x(Tt(*d 
against this general tendency towards acidification. Tlui utili¬ 
sation of carbonic acid and organic acids in carbon assimilation 
is a physiological method of control which might eic’iarly Ix^i c^ffecs 
tive in chlorenchymatous tissues. The l)uilding u]) of prot-cins 
from amino-acids is another physiologicjul control whicii could 
occur in any tissue but which would be limitcxl to the* control 
of a particular kind of acidification. 

Apart from these metabolic controls, thc^rci arc^ the* 
which regulate reaction an<l which arc therefon’* known as buff(*rs. 
Buffers or ‘moderators’ act by removing tiui active ions from 
the sphere of action; c.g. by adsorption as in colloid (‘ffecl-s, by 
precipitation as in the case of chalk and calcium oxalate crystals, 
or by the production of substances whieli arc ionis(‘d to a sniall(*r 
degree as in the ease of weakly disH(xdated acuds. 

Since the anabolie (controls only tend to r(‘du(*(* (‘X(‘(‘ss aci¬ 
dity, feeding as it were upon the aeidifi<;ation, ih<‘y (xin n(‘v<*r 
involve a positive ‘alkaliiiisation’. The imixrrtant' buff(*r 
stances in plant cells are, therefore, weakly dissociat.(*d acids aiul 
calcium salts. Those buffers act only within certain liniittxl rangt*s 
of reaction and it becomes necessary in tlu^ invisst igaiion of l)uff(*r 
action to consider not only the buffer <*ffe(jts al» r(*a(daons which 
arc normal for the cells concerned but also tlx* possibh^ hufhx- 
action available against abnormal aeidificat.ion. 

The investigation of buffer action in plants involv(‘s (l(»t.<*r- 
mination of 

1. the degree of buffer action (i. c. the buffer ind<‘.x) ai l.h<* natural 
reaction of the tissues; 

2. the degree of buffer action against abnormal pll valu(*s whi<^h 
might well be dangerous to the <i<ills c<)nc(*rned; 
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3. ihc identification of the bnfforH acting at and Ixiloto the normal 
1>H values; 

4. the quautitativo ostimation where possible of the concentration 
of the buffer substances identified as present; 

T). the elucidation, where possible, of the source of the buffering 
substances. This source may be direct absorption from the 
soil, as is possible for phosphates, but it may bo metabolic, 
and do])ondont upon many physiological factors as in the 
case of organic acids, like malic and citric acids. 

This last point emphasises the importance of metabolic 
])roc(‘sses as possible factors in the regulation of reaction. They 
may act directly by removing the aci<l ])roduots as in anal)olism 
or they may a(it indirectly by the production of weakly disso- 
<uate<l acids as in katabolism. The problems are many and vary 
witli each kind of jdant and each variation in the external con¬ 
ditions. 


4, SAP, PROTOPLAST AND WAI.L 

1'he c(*ll sap, being eom})araiiv(4y unorganised and relatively 
siitiple, is ])robably not injured by largci variations of retielion. 
On the other hand reaction may detcTmine to a eonsick^rahk^ 
ext.(Mit the actual e.onstituents of the sa]) ami so control th(5 food 
available for the ])roto])last, as also the osmotic or siuition ])r(^HSur(» 
of the sap and therefore the growth of the cc‘ll. 

1^h(' |)rot.opIa.st, n^garded as a colloidal complex largcdy oorn- 
])os<‘d of ])rot.ein.s, must Ih'* eonsi(ler(‘d as sensitives in a marked 
<l(‘gnM‘ to la.rg(‘ <*.hang(‘s of nNiction. WliedlK^r siieli larg<‘ ehangess 
an*‘ po-tsibk' without d(*stirue.t.ion of the prot.(*in (•ompl(‘\(‘s is 
(*xe(*(*dingly doubtful and the* aotual r(‘a.ction of cytoplasm may 
b(* found to show pra(d-i<m.lly no variation, at. l(*aHt within lla*^ 
same (*.(*11. 'I'h(*r(^ may, however, be highly signifie^aot variations 
in line r(‘ac.tion of cytoplasm as oik* ])ass(*s from tissue* to tissm*- 
or from [ilant. to plant. A eiytoplasm which is stabler in e^ont.aet. 
witli an e*xte*rnal eir internal fluiel of pH (rO may well jirove* un¬ 
stable in (iontaet with a fluiel of pH 4*0, while anothe*r cyteiplasm 
may he epiite stable throughout that range. Is theue a diffe*ronce^ 
between the ])HL of the saj) and of the cytojdasm ‘i If there is, 
how is this differeneo maintained ? If there is not, how is t.lui 
interaction obtained and how do variations affect the pH values 
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of tho two kinds of cell content ? Many other probloiiiH an* lu^re 
raised. > 

Celhiloso walls in general (io not show a (liff(*r<^ntiat.ion in 
reaction; but collenchyma, calcium pectaie or mi<l<il(’i lamtdla; 
lignified, suberised and cutinised walls, as well as callus j>lugH 
and some special cellulosic walls all show what ai)p(‘a.rs U) bci 
a definite distinotivo and true virago with indi(tator dy<‘s, 'rias 
source of this virago and tho diffon^ntiai-ion whicdi is indiciated 
raises some of the most interesting j)robl<‘ins in the study of plf 
in relation to plants. Does tho reaction control the diff<T(*ut.iat.ion 
of cell walls? Do external or internal conditions <^ontrol this 
differentiation directly or do they act by controlling ibo nuiciion ? 

6. VARIATIONS IN REACTION 

Whether effective buffer action ocemrs or not, ii. is ooncc'iv- 
able that the reaction of sap, cytoplasm or wall, any or all of 
may remain tho same all the time and in all plani> cedis but. it. 
is much more likely to vary. Some of the possible variations 
in reaction, some or all of which may prove to be signifi(5ant. 
from the point of view of plant physiology, if not from tho f)ur(*Iy 
economic or agricultural point of view; some of those variations 
may be listed as follows — variations from one ])art of the (udl 
to another part of tho cell; variations within the same C(dl from 
time to time; variations during the growth of tb<^ idaut-, <liurnal 
variations, seasonal variations; variation from tissiu* to tissiu*, 
from one part to another of the plant in th(*. same t.isHu<^ froni 
plant to plant, from species to specios, from genus to gcnnis, from 
family to family, from group to group, from phylum to phylum; 
variations with the external medium in lower and in high(*r plants; 
variation in conneotioii with definite physiological ae.t ivith's siudi 
as i)hotosynthosis, stomatal opening and closing, res|)ons(‘ to 
stimuli in taxisms and tropisms. This by no means (^\halists 
tho list of possible variations, hut it <lo(»s raise tin* pr<)bl<*tns <if 
tho connection, causal, correlated or merely (uiiK^oinitant, l)<‘t\\<‘<Mi 
any variations in reaction whi(th are found to be. asso(dat(‘d with 
any of these differences in times, developments, conditions, 
functions or phylogenetic positions. 

Throughout, of course, there are*. ()tli(*r effective* faettors 
which may either bo kept constant and thus eliminatcel or other- 
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wiwo taken into (jousiHonitiou. Wo arc aware of Kueh other factors 
and recognise the iinportanco of some of them. Hydrion concen¬ 
tration is not the master factor of physiology, any more than 
is temperature, light, humidity or water content. 

At present we are considering only the one factor and that 
only so far as the internal reaction of the plant is concerned. 
The ahove-mentioned problems are some of the problems involved 
in the study of hydrion concentration in relation to idant cells 
and tissues. Having stated our problems we can proceed to describe 
some of the methods used and some of the results obtained in 
ibis study, Ixdbre re-stating our ju’oblems and preparing for 
further investigations. 



PART U 


METHODS 

CHAPTER 11 

THE HYDROGEN ELECTRODE 

1. PRINCIPLE. 2. MATEKIALH. 3. 30RRORS 

1. PRINCIPLE 

The basis of the Hydrogen Electrodes Medliod is Nioiinst’h 
theory of electrolytic solution pressure (iSSh), whiesli state's that 
when metals arc immersed in liquids their atoms tx'iid to [)ass 
into the ionic state. The EMP^ of a metal-Bolutie)n edeotrode is 
given by the equation 


wherc^ R ~ 8*3 international joule's or volt. (U)ulombs, 'F abse)Iut (' 
temperature, n — valeumy, E ^ faraelays, In : symbol fe)r Na- 
perian logarithms, ^ osmotie*. pressure', anel p • e‘.le'ed.re)lyt.ie^ 
solution tension. 

According to this theory thre'c e^e)nelit.ie)ns are' ])()ssil)le' as 
the result of placing a plate of nie'.tal in a se)lution containing 
ions of the same metal. I’he cdeT.trical <ie>nelitie)n is ge)ve‘rne‘d by 
the lolation of tlio osmotic ju’c'-ssure P to the^ e‘leHdTe)lytie^ se)lut ion 
tension p. If p be greater than P cations pass fre)m the’! platen 
into the solution leaving tlie plate negatively e;harge'el anel making 
the solution positively charged. A potential eliffe'rene*e' is tlu're'- 
fore developed. If p be loss than P, cations pass fre)m the^ se)luth)n 
on to the plate and again a p. d. is dcvele)peel, this t.ime^ with 
the signs of the charges reversed, j)late positives anel solution 
negative. If P = p, no potential difference occurs. 
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Nkknst’h formula in used in a modified form 

Cl P 

hydrogen (dcctrodoH, — being substituted for —, whore Oj and 

Og p 

Og ar<^ the concentrations of hydrogen at the two electrodes. The 
liydrogen is taken to act just as a metal cation docs. Metal- 
solution or hydrogen-solution potential differences have been 
taken as ])roportional to the osmotic pressure of the solution 
and varying therefore with ‘C* the "effective concentration’, 
i. 0 . with "e* the gramme molecular concentration and "K* the 
degiHK’i of dissociation; so that C = cK. The electromotive force 
of sucJi a system can be calculated and the calculated result 
has been (jonfirmod .experimentally within certain limits. Since 
tlu^se limits vary, all the electrometric methods have been based 
upon comparift07i with a standard, 

'Fho critical point in the theoretical basis of the calculation 
is the assumption that the conductivity per gm. mol. concen¬ 
tration at infinite dilution boars the same relation to the con- 
ducstivity, i>or gm. mol. o-onoontratioa at a definite dilution ‘v’, 
as t.h<s comj)lcto dissociation at infinite dilution bears to the per- 
(sentage dissociation at dilution ‘v’; i.e. that — 
conductaiKio at *v* dilution Vo <liHH()ciatic)n at ‘v’ dilution 
oon<luct.an<!(* at infinite dilution coniploto <liHHO<‘iation at infinite dilution. 

This assum])ti<)n has boon attacked by Lkwis (1912) and 

activity I (^i V 

others, wlio have substituted —for 7 ;- or - in UK’s basal 

acdivil.y 2 V 

formula; th(‘ <‘ff<'(dlvc concentration of th(' active ions being 
supp()H(‘<l to he j)n)|)ort-ional to tlu^ mobility as W(‘ll as to t.h(‘ 
conc(‘ntration of th<‘S(‘ ions (s<‘<‘ (h.AUK 192S). This assumption 
has also b<‘(Mi r<‘j<»(!t(Ml for living cells by Kkolku (1912- 192r>, 
s(‘(^ 1925 pj). 22 s(j(j.), also (jIiokliiokn (11)28) on other grounds. 
Acic.onling to Miohakj.is (1929, p. 128) “Uk^ true c.oiic(‘ntration 
of th(‘ 11-ions is, on t.h(‘ other liand, (mt indy unknown. We Jiavc! 
no (lir(i<*.t nudiiod of im'asuring it, ami i)rol)al)Jy it is of no great 
int.(*Test 1.0 us, for the. eff<‘(d.ivencss of th(‘. H-ions appears to <lc!j)end 
only u])on the the ll-ion activity.” Clakk (1922) gives 

various valiums for the basal potcuitial <liffer(‘.noe. between normal 
(ailornol and normal liydrogen (doetrodes at 25** C. '.rhese are 
0'277(), 0*2828, 0*2JM7 and 0*3957, and since they are used as the 
basis of all hydrogen electrode measurcmciita they have a certain 
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im])ortaiic«. The variation in mentioned here mainly to in<li(!al.(‘. 
that insistonoe on hoootkI and third decimal i)luce fij^ureH in ])H 
measuremonta of plant cell-Ha])H is rather actadernitt. 

The hydrogen electrode is, for various reasons, iKutlnu* so 
useful nor so reliable when applied to living cells as the indi¬ 
cator methods at our present stage of knowlcidge* of r(‘a<?t-ion 



Fig. 1. Hydrogen Fleeirodc Apparatus, — (f galvaiiomeUu'; I\ <*oinrniiial<>r; 
T tapping key (slightly modified ex Milkoy aft(»r Clakk) 


phenomena in plants, ])ut for convenience we inelnde a hried 
summary of the technique. 

A plate of platinum hlaek saturat(*.d with hydrogem acts 
with respect to the hydrogen like a plate of imdal. 'Hiis polcMitial 
difference can bo detected and niesisured by eonn(*<d ing oiu* su(di 
electrode with another similar electrode, if the solutions sur¬ 
rounding the plates be of different concentrations. The solutions 
are connected by means of a strong solution of ])()taHsium (dd(>rid<^ 
in order to oliminate diffusion i)otontial differences at the li(j[uid 




THK HYDH<)(iKN KLKOTRODK 


11 


junciioim and the BiMF of Wiiw concontration cell iw inoaHurcd, 
\iHually l)y moauH of a potontiomotric apparatiiw. 

By oxporimcat it is fotxnd that, for all oases where the ion 
is monovalent and when one of the solutions is ton times more 
oonoontratod than the other, this EMF at 18® C is *0577 volt. 

Ah a matter of cpnvonionco a calomel electrode is used instead 
of the normal hydrogen electrode and the EMF between a standard 
0*1 calomel electrode and the normal hydrogen electrode at 18® CJ 
is *3377 volt. A solution of unknown hydrogen ion concentration 
is introduced into the hydrogen electrode vessel and the pH ia 
detenniiu'id by nutans of the fonnula — 

I EMP observed — *3377 

" - «77 - 

l^he geiK'.ral af)paratus consists of an accumulator, rheoHiat, 
galvanometer and potcntionujter (Fig. 1). This is cali])rate(l by 
means of a standard Weston cell. The rheostat is used to brin^ 
the fall of potent.ial to *l volt per coil of the potentiometer and 
•001 volt ])er cm. along tlic scahjdwirc. With a dial j)oteutioinot('!r 
the dials are set. at the reading for the Wosi.on cell (1*0183 volts) 
arid t.lic rlu'ostat a(ljust.(^d to give no inovoni(mt in tlie galvano- 
ni<d.(u*. 

Ill both cases the poUmtiometer becomes a direct.-readin^ 
arrangement, and the '‘EMF observed” can Ix^ determined for 
th<^ “unknown” solution. Many details of techiii(|ue ar(‘ of im¬ 
portance. Th(^y can bo foun<l in (Jlauk’s nionograjih (1028) 
or in Mislo WITZ Kit’s “ Bestimmung” (102S). 

i. MATERIALS 

A larg(‘ va.ri(‘t V <>1 ma.t<*rial has b(‘<‘ii used in bydrog(*n vhr~ 
trod(' v(*ss<ds of tln^ iioi’inal ty|)<‘. TIk^ <^xtei*na.l li(jui<l mcxlia of 
plant-s, <‘.g. freHli-\vat<*i’, sea-water, soil-water or moi*e. eomnionly 
a<jU(M)us extracts of soil, have Iktii examiiUMl. So far as tlu' in- 
t.(n*iial fluids of th<^ plant an^ coiu^erned, tlu^ hydrogem el(‘(^lr()(Ul 
has IxuMi UH(‘(I for cell-sap which has been cenirifug(xl out afUn* 
fnM'zing or withdrawn by special j)i|)ett.es (WA<;NKit (lbl()) or 
by suction (Bknni«tt 11)27), It has been ax>plicd also to an acpu'ous 
(‘xt.raot of ma(xn*ated e.i’ushcd seeds (Njamigo 1025) and to juie.<'> 
exj>resso(l from the whole or ])art of the plant (by many authors). 

The ordinary hydrogen (dc*ct.ro<lo has not been used for 
cell-wall reactions and obviously cannot be used for the ucnnal 
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living j)rotoplasni of the cell. The external rncMlia are oxprcHHly 
omitted from the present volume. The application of the ordinary 
H-electrode is therefore limited to cell-sap and ])lant juices. 
The separation of cell-sap from the cytoplasm by freezing and 
centrifuging or by the methods of Waonrjb or Brnnmtt may be 
considered to result in relatively little alteration of the sap, 
although such alterations may be important in certain (tases. 
These methods also have the advantage of resulting in eoni])n- 
ratively slight admixture of the saj) with foreign HubHi.an(U‘s, 
and the disadvantage that unless Hi)ecial precautions taken 
the saps from different tissues are obtained as a mix<^(l 
fluid. 

The method of expressing the juice by pressure has noru^ 
of the advantages of these special methods of sa]) sc^paration, 
and this method results in a fluid, ‘juice*, whicdi is alrnosi. (uu'iaiu 
to contain a smaller or greater quantity of cyio])lasinie, subsianet) 
and which in the usual plant material is certain to b<^ a mixtains 
of juices from several different tissues, all possibly with <liff(»r(*nt 
pH characters, different buffers, etc. The use of expressed jui(^(^ 
for pH determinations which are supposed to have some signi¬ 
ficance in relation to the living coll, can be justified only when 
quite special nearly homogeneous tissues are used, s\ioh as the 
storage tissue of tubers or the succulent tissue of fruits. 

In all these sap or juice materials, the volatile (‘h'UK'rds of 
the fluid have an opportunity to cscajx^ during the |)r<)(t(\ss of 
preparation. Perhaps the most important and widc'-spn^ad 'vola¬ 
tile* element of such liquids is carbon dioxide. It has been demon¬ 
strated repeatedly that the carbon dioxide oonUuit. of thet <*.ell 
may be considerable. It has been definitely shown that tlu' ini(T- 
cellular spaces of plant tissues contain comparativ(‘ly larg(‘. per¬ 
centages of carbon dioxide, up to 21 % in apj)loH, 24 % in j)()tatot's 
and 28% in carrots (Magness 1920). It has be(ui shown also that 
carbon dioxide in similar strength can have a mark('d <df(‘(*t. 
upon the actual reaction of plant jui(?os (Maktjn 1927-** 2S, 
Ingold 1929). TJic jmssible im])ortance of the ])artial pr<»ssiir<^ 
of carbon dioxide on the pH of plant juices should, thendon*, 
be recognised by plant physiologists, as it has be(ui almost uni¬ 
versally for the human organism by animal physiologists. Sinccs 
many plant juices arc normally of a reaction lu^arly or (|uit.e 
outside the range in which the carbonic-acid-bicarbonate buffer 
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sywloni iH offociiv(s thin carbonic aci<l factor is probably more 
ini])()rtant in plants than in animals. 

3. ERRORS 

Apart from those difficultios in the preparation of the fluid 
to bo insCTtod in the hydrogen electrodo vessel, there are errors 
inluTOut in the method itself. Firstly, the fluid when introdxKJod 
must reach equilibrium with the hydrogen saturating the ■|)latinu!n 
black* electrode; that is, before the R.M.F. can be observed the 
experimental fluid must b<^ reduced. This involves a change in 
the oxidation-H'diKition potemtial of the fluid and probably other 
j)rop<‘rti(‘s (change at tlie saim* time. In faci., the checking of 
electronu^trie, nu^asunutuuits with colorimetric measununents 
is definitely advisc^d in c<M’tain cases. Electrode 'poisoning' by 
j)rot(‘ins is anotiuu* likely (UTor with many jdant juices. Toluol 
and pluMiol used as preservatives may also interfesn^ with liydrogen 
el(‘ct.rode detc^rminations. 

Oxygen and carbon dioxide occur commonly in plant fluids 
and both liave mark(*<l <*ffe<?ts. ()xyg<m naturally int<u’f(TeH with 
th<^ above-nuMitioned rcMiue.tion, until it is removed and the fluid 
ehang<‘(i at. h^ist to that <‘xt<mt. (Wboii dioxide' dilutc's tlu' hy- 
drog('n and may also act ns an important fa<jior in th<^ a(ud-bnH(' 
ecjuilibrium, n'lnha’ing “accurate' in(‘asur(‘ment.s difficult unh'ss 
l)oth ('ff(*jt.s ar(' taken into consideration and ])ut under (Control” 
((^i.AitK IDiiS, ]). Th<5 pnxiodure sugg(*Ht<‘(I is the detc'nnina- 

tion of thes partial j)n*ssur<' of in the fluid followiMl by adjust¬ 
ment of th(‘ hy<lrog<*n gas with the ])roptir ])('r<t<*ntag(' of (‘arbon 
dioxidi^ or by <*orr(*et.ion for t.h(^ known OOjj pn'ssun' of tin' so¬ 
lution. This carbon dioxides <*rror may be pll O-f) to pli 1*0, or 
even mon' in n'hitiv(‘Iy unbufh'red plant, fluids. 

(\)nc.erning t.h<' (*rrors of th<‘ hy<lrog<‘n (‘l('(‘trod(' nu't.hod, 
n»vd on pUinl or anlma! mairrlal, llwiss (H)2()) p. SIl) writ<'s 
“(l(‘.p('ndant (jette mi'*tliod comporte d(‘s (5aus(»s <reiTeur conside- 
ral)l<'S. Ija destruction probabh' des compk'xes, le <h'*placeinc‘nt. 
d(‘s (''(luilibrt's d'adsorption, la fuite libn^ de OOg, le nuMange du 
protoplasinci avecs les eiudaves li<piid('s ('t autn's, le d('‘claiudn*- 
ment de proc(^ssus hu'nK'ntatifs, etc., out pour ('fh't <|ue h'S re- 
sidtats obtenus sont — aUhitoires.” Many crititusrns of th<' in- 
di(!ator jnethods have Ix'Cfi mad(', but the n'sults hav(' never Ix'cn 
<les<iribed as aleatory I As one definitii exami)l<' we may <niot(j 
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a variation during one determination from pH 5*87 to pH 8*15 
found by Hempel (1917) in the pitcher fluid of Nepenthes, a 
variation recognised by Hempel as due to the effect of the hy¬ 
drogen of the H-electrode method used. 

These and other considerations explain why most of th(5 
botanical observations of pH have been made by (^olorinuitric or 
indicator methods. 



CHAPTER HI 


THE QiINHYDllO]!?E ELECTRODE 

1. l»RIN(in>LE. 2. HYDKOQUINHYDRONE ELECTRODE. 

:l materiai.s. 4 . errors 

1, PIUNOIW.E 

The quiiihydrone clccirodc has come into use for })otanical 
fluids, mainly because of its great convenience. Haber and Russ 
(1904) laid the theoretical foundation of the method, and Va- 
leijk(1900) had described a method of pre]>aring the substance 
which yields, according to Kolthoff (1927), a very p\ire prod\ict 
giving good results with weakly buffered solutions. Biilmann 
(1921a) introduced the ((uinhydrone ehadrode together with 
another method of (juinliydrone prej)arati()n (1921b). The eha*- 
trode has been investigated from various ])oints of vi(^w by the 
same author (1923, 1924, 1927), (Lunger and Niclson (1921), 
Sorensen (1921), Veihkl (1923), Kolthoff (1923, 1925, 1927), 
La Mer(1923, 1925), Miohaelis (1924), Ettis('h (1925), Sohae- 
fer(1925 20), MisL()WiTZE!t (1925, 192()), Koehn (192()), Smo- 

lUK (1925), Yles (I92b), S<'iiau-Kuan(5 Liu (1927) and olluu’s. Va¬ 
rious imd-hods of pr(q)a.ring th(‘ (juinhydroiu^ ar(‘ givcm in th(‘ 
lit(‘raiiirtd), but for g<‘U(U’al us(‘, it is available^ r(‘a,dy-rna,(le from 
Kahlbaum and from the British Drug Hous(‘S, London. 

In [)rincipl(‘ this nud.hod invohuis the sa-in(‘ phemomena as 
do oxidation-rcalueiion poUmtials in genoraL ''rhese art^ (liscuss(Ml 
in some d(4-ail by (huRK (192H), Needham (1929) and Misi.o- 
wrrzER (1928). 'Th(‘ (^ss(‘nt-ial j)oints may be summarised in the 
('(fuations — 

1) 8(‘e UiiLM ANN (1921 h), Koi/i’hokf ( H)2.5, 

(1928). 


H) 2 (l), M isi.owri'ZKK 
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(1) 2H+' + 2 electrons ^ Hg 

(2) O 0 eH 4 O + 2 electrons ^ ■ 0 C(jH 40 " 

qninone anion of hydroquinono 

or 

(3) ^ CcH4(OH)2 

Translating the last c<[iiaiion into ole<itr()-(di<‘ini(tal terms* 
we have — 

(4) H- 2H I —2K (JcH4(<)il)a 

The EMF of such a system can he ineasur(‘(l jus befonu Thus for 
a hydrogen electrode system 
RT 

hi — In 775 , which at 18® C 
nP (J^ 

= ()-00019837 X 29P09 X log. - -0577 log 

EMF obs. —-3377 

and pH —- 7 ~~-- 

^ -0577 

where *3377 is the fCMF of a *IN calomel H- IN hydrogen chain. 
The potential of the normal hydrogen electrodes is *7042 volt 
lower than a saturated quinhydronc (dectrode, Jind -3377 volt 
lower than a *1N calomel electrode, therefore th<‘ (luinhydrone 
electrode potential is higher than a -IN calomel eI(‘etrode by 
•7042 — -3377 = -3005 volt. 

The relationshi])s may bc^ given thus — 

IN H 2 -<--7042 volt— -V ({uinliYdroac* 

^ -. 3377 volt- y • / N calomel 

therefore* IN calomcl-<-* 3GG5 v.-y <|uinhydrone. 


Since the calomel electrode is negative 1.0 lh(‘ (piinhydroiu' 
electrode, instead of being ])ositivo as it is with tlu' hydrog(*n 
electrode, for a *1N calomel saturated (juinhydrom^ systc^m jjt 
18® C the equation for the pH becomes — 

•3005 —EMF obs 
pH - ;()r,77 • 

KoLTFroFif (1!)25) givoH tho correotions for for 

•IN calomel -|-sat. quinhydronc HyaUun thuH — 

— •000«S ((,— 18)— K obs 
p . _ (I, - -. 18) ’ 
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and for 1*0N calomel + sat. quinhydrone as — 

•4181 — *00050 (t — 18) — E obs 
•05WT^0002 (t — 18) " 

The great oonvenienco of the quinhydrone method is obvious. 
It cl<)e.H not involve the preparation of liydrogcn, nor the‘blacking’ 
of the platinum electrode. All that is necessary is the xisual po- 
tontiometric system with a standard Weston coll or other ar¬ 
rangement for calibration, a standard 'IN’ calomel electrode, 
and a suitai)le (jontainer for the juice under examination fitted 
with a (bright) platinum electrode. The juice is placed in the 
elo(itrode vessel together with sufficient quinhydrone to allow 
of some being left uiidissolved. If the licpiid is suitable for this 
type^ of (dectrodc ec^uilibriurn is rciiched in a vc^ry short tinu^ and 
the EMF can bcj dc^termiiuHi directly. The reading must bo takcii 
cjuiokly, in a few seconds or at most half a minute, as the j)otential 
diffc^reiKje, when the circuit is closed, is of very short duration. 

Ettisou (1925) and SAMuicri (1927) used micro-quinhydrone 
elecjtrodes. The latter obtained fairly consistent results using 
a small flat diamond-shaped platinum elc^ctrode dipjx^d in cpiin- 
hydrone powdeu* and inserted in a slit in a ])iece of tissue, the other 
cmd of whicih was jdaced in a tube of saturatc'd KCl solution. 

3. IIYDROQUINIIYDRONE ELH<!TROI)E 

SoRiCNSKN and Ids collaborators (1921) sugg(\slcxl Ihe usc^ of 
(|uinone or hydro<|uinone in conjun<d.ion with quinliydron(‘ in 
ord<*r to avoid certain salt (UTors. As is indicated below, llui 
salt, error of th<^ siinph' quinhydrone <‘le(d.rode with ordinary 
plant. jui<*<‘s is n<‘gligibl(', but the modification of the (‘I<‘ctrode 
int.o a. hy<lro<iuiuhydron(‘ (d(‘etrode was again sugg(‘st.(‘d by Hiin- 
MANN and Lund (1929). 

Wlum both solid (piinhydrone and solid hydro<|uinon(‘ an* 
pr(^s(mt in ex<u‘ss in tlu^ (deetnxh^ fluid, t.h<‘ nvKd.ion b(‘eoines a 
<*ha»ig(' from soli<l hydnxpdaone to solid (piinhydrorus thus — 
(1eH4((>H)2. (^ 6 H 402 -h H, O- 2 CoM4(OH), 

An elee.tnxle of this tyjxi shows, witli a normal hydrogen 
ehx'.tnxle, an KJVIK of ()*()179 volt instead of 0-7042. The working 
(x I nation with temperature corrections becomes 

•2802 —-00068 (t —18) —Eobs 
-0577 + *0002 (t — 18) ‘ 

I’r(it<‘>i>lai4tan-Monographion II: Small 2 
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The only difference in the technique in that Holid quitihydroiu^ 
mixed with an equiinolecular weight of Holi<l hy<lro(|uin<)iui is 
added in slight excess to the electrode fluid under investigation. 


3. MATBIUALS 


Quinhydrone in solution disHociat(s into (luinoneand hydro- 
quinone. The presence in the electrode vessel of solid ((uinhydroiu* 
yields a saturated solution of the undissoeiated quinhydrone'. 
But hydroquinone also dissociates, in two stages, the disso¬ 
ciation constants being I X 10“*^® and lower than 

1 X and it is only when [H^J is greater than 10 ® that 

this dissociation of hydroquinone can he regard<ul as nc'glibh* 
in calculating the BMJP of the electrodes Liquids to l)e suit-abhi 
for pH determinations in the quinhydrone electrode must, tluTcs 
fore, have a reaction at least below pH 8. 

Further, the hydrogen in an ordinary hydrogen elcctTod<‘ is 
always at a more or less constant (atmospheric*.) pressure, and in 
very accurate work barometric corrections arc^ api)li('d. Thc' 
relation between EMP and pressure, P, is given by the* fornnila 

Vp 

E = RT In . In a reducing medium with P greater than <n\o 


atmosphere there is an evolution of gas, but with inosl- organic* 
reduction media, including hydroquinone solutions, thc^ hydrogen 
pressure is so small (of the order of 10 atmos.) that it can he* 
neglected entirely^. The tcTin ]/P can bc^ eliniinaicwl, lc*aving the* 
E varying with [H+], and so allowing the pll of a solution to hc^ 
calculated directly from the obsorvoci EMh’ which is givc*n wh(*n 
the solution -f- reducing medium is ccmneotiul with an c'lecdrodc* 
of known potential. From this it follows that liquids wliicdi show 
a measurable pressure of hydrogen arc not suitable for i)ll d(*t.c*r- 
minations by means of the quinhydrone electrode. Most, plant 
juices are suitable but many commercial fluids are quite* unsuit¬ 
able and their reaction is measured by other forms of c‘lc‘c^tr<)d<*H. 

The juices for which the quinhydrone elecdrodc* is suitable* 
include those of succulent plants and those of ordinary land 
plants where the reaction is rarely above pH 7-0. I'his tyjw* of 
electrode has been used successfully for cactus juice*, potato juie^e*, 


1) This cannot bo done in the presence of bivalent leuel, trivaleuit 
iron and similar substances. 
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etc., Denny and Yotobn 1927; Ohoa 1926; Ulblha 1928; 
Mason and Maskbll (1928); Tnoold (unpubliahod work); and 
others. Its convenience and general applicability merit a wider 
use in botanical physiology. 

4. ERKORS 

The quinhydrono electrode, when used for unsuitable fluids 
is affected by very largo errors. Koltiioff has shown that by 
working quickly and using well buffered solutions the results 
are good up to pH9, but for ordinary fluids the limit of alkalinity 
permissible in the quinliydrone method must bo taken as pH8. 
Within that limit the method avoids sonm of the errors inherent 
in the hydrogen electrode method, such as the gradual reduction 
and the driving off of carbon dioxide. On the other haiul the 
(piinhydronc method is, like the indicator methods, subject to 
errors not inherent in tlio hydrogen electrode. 

It is necessary, for the basal calculation, that (juinone and 
hydroquinone bo present in equimolecular proi)ortions, and 
excess of quinhydrono is added to the solution under investi¬ 
gation as a convenient method of ensuring that the equimolecular 
proportion is maintained. If, however, salts are ])resent in the 
solution which act differently upon the ([uinone and the hydro- 
quinoiie, then this nocjossary balance is destroyed. Sijuknskn 
(1921) demonstrated tliat chlorides have a much stronger effect 
upon hydroquinone than upon quinone, and this difference ])ro- 
dueed alterations in the observed MMK to the extent of 1*3 milli¬ 
volts for •r)N Na(n and 2*S millivolts for NaXM. Soricnskn 
and his collaborators sugg(‘st.(‘d llu' ns(‘ of a modification of tiu* 
imdhod wh(‘rcl)y this salt, error can he avoidcvl, hut. for ])la!it. 
juices wluu’c tlu^ salt content is usually much l(*ss than *5 normal 
<^oneentration, tlu* modifi<*atioii is not iKM-cvssary on account of 
t-lu^ salt (UTor altliough it- may he useful for otluu’ reasons. In 
the ease of salts (weii with •fyN Na(U the deviation is oidy 1*3 milli¬ 
volts, and, as the deviat.iou varies almost directly with the cu)n- 
eentration, in ordinary plant juices this salt error would ho cpiite 
nogligihlc. 

The protein error has boon examined by Koltiioff (1925), 
Misl()W1tzku.(1920), Vnifis (1926) and aoHAiT-KuANci Liu (1927), 
who all more or loss agree that although there is an cuTor wit.li 
blood scrum, the protein error can be reduced to between *01 
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and -03 pH by dilution of tbo serum with water to four time» 
the original volume. Hinco the ooueentratioii of lU’oieiiiH in plant 
juices is normally much lower than that of Heruin th(t protein 
error also may bo consulorod ncglible for that material. 

A much more serious source of error in tlio case of plant, 
juices is that shown by the quinhy<lrone nu^tluxi appluxl to solu¬ 
tions of phosphates containing glucose. Tins terror is <^xainine<l 
by Biilmann and Kataoiri (H127), who state that the simph* 
qninhydroiie electrode cannot ho us<«i for ])H (hderininations 
of solutions containing gliuioso an<l ])hoHphat(»s on aeeount of a 
specific action of the glucose upon the platinum of the <d(R!t.ro<le. 
Since this type of error luxs been shown to o(seur in the c*as<* of 
saccharose also (Soiiubxnwr 1924), and siruu^ mixlur<»s of ihi^m 
sugars with phosphates are comparatively common in plant, 
juices, the sugar and ])hoHphate error must hi) carefully guanhxl 
against in jJant juices. Fortunately BiiiiMANN and Kata<jiiu 
(1927) have examined the possibilities of using tlu^ hy(lro<|uin- 
hydrone method instead of the simjde (juinhydront^ nudhod, and 
they came to the conclusion that pH deti^rminations <<an be mad(‘ 
on such sugar and phosphate mixtures hy means of the mo<li- 
fication known as the hydroquinliydrom^ electnxle and dt^serilxxl 
briefly above. With that electrode system aiid 10 per eiud. glu¬ 
cose in phosphate solutions of various com?entrati<>ns ih(» (h*viation 
is —*140pH; and with successive dilutions of tin* glucose by 
equal volumes of phosphate solution tin* (h^vialioti d(‘enNis(‘s 
thus —-073 pH, —*042, —*029 to —*021 pH for *025 ptn* cent, 
glucose. The deviation is, therefore, in the see-ond (hT-imal j)lac«' 
for 6 per cent, or a lower concentration of glucose, an<l tluw* 
results suggest the use of the hydr()quinliydn)ne elcx'-irodc^ wlumevtu* 
the plant juices are suspoetod of containing sugars in strong 
concentrations. 

An alcohol error is described by these sann^ authors, with 
a deviation of similar magnitude hut with an opposite^ sign. 
This has little importance in the investigatioji of botanical fluids 
but is certainly not negligible with many tochnic^al lujuids. Di¬ 
lution to below 5 per cent, alcohol is, how(‘v<‘r, s»ffici(‘iit. to 
reduce this error to the second decimal })Iac(‘. 

The relation of pH to the pressure of carbon di()xid<» in eitlnu* 
of these electrodes is almost linear, just as in tins casci of tJu^ 
hydrogen electrodes. Tt is comparativ(dy (^asy to (uisure, hy using 
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ii closed olecirodo vessel, that the carbon dioxide content of the 
electrode fluid is kept as high as it may bo when inserted itito 
the vessel, but the process of expressing juice from plant cells 
(^ert-aiuly disturbs the carbon dioxide balance and this error 
(*-annot bo ciompletely eliminated by using the quinhydrorie type 
of electrode (cp. Chap. VIl 1). 

The presence of more tlian a trace of tannin substances in 
i.hc juices under investigation introduces an error which according 
to Mtslowitzkr (1928 p. 2()4), can be corrected by determining 
the pHL of i-he tannin-containing fluid at various dilutions. When 
such a. fluid is diluted th(‘. j)H deermses up to a point, at say 
1 : 50, and then incircases b(\y()nd that dilution. Sinc(i the concen¬ 
tration of hydrogem ions in a buffer solution (^a^nnot be increased 
by dilution, thc^ real pH of the fluid is taken as the lowest pH 
obtairiod. The difference between this (pH 8*10 at 1 : 50 dilution) 
and original undiluted solution (])H 3*80) was *70, indicating 
that- a t-aainin (‘rror of that <‘.xtcnt can be eorrec.tcd by the tnetlajd 
of succjcssive dilutions, 

fn th(‘ (examination of acud phint- juicces by nneans of (‘haet.rodes 
of th(‘. (juinhydroiKe type, it- is necec'SvSary t-o consider the ])ossible 
pnesencce a,nd th(‘ (Tbect of suga,rs with ])hos})ha.t(‘s, t-aiinins, and 
c.arbon dioxide, d'lue gix'at advantag('s of such methods lie in 
their rapidity and sini|)licity. 
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MICRO-HYDlKXiElSr EIJXTRODES 

1. PRimaPLKS. 2. MATERIALS. 3. RRRORH 

1. PaiN(jIPLES 

Micro-clectrodcH have been tiHod in many inv(‘Hiipiiiona ]>y 
plant ])hysiologiHtH c. g. Bose, Small, Oklkan, Bkooks and 
Gejlfan and others (se(^ Kwllku and (JicaviatoRN I92H); btd tb(‘ 
coating of a metal point with platinum l)la(*k and tln^ saturaiion 
of such a minute electrode with hydrogen involve a <<‘ehni()u(‘ 
which has developed only rccicntly. 

These micro-hydrogen electrodes an^ a natural d<*v(‘I()pni<‘nl 
from the standard types. They are des(;rihed and figunal in houk' 
detail by Mislowxtzer (li)2S). Briefly, l.h(^ main prinei|)l(‘ of 
most j)attcrnH may be descaabed as a nMluctjon in th(' sizc^ of that, 
part of the hydrogen-c^kadrode a[)paratus which (‘ontains th(‘ 
platinum-black plate. Me(k.KN don’s blood ck‘ctr()d<‘-v(\sK(‘l has 
a ca[)acity of 2c(;., and the sanu^ worloa* (h^sigmal a.noth(‘r to lx* 
swallowed for testing gastric, juice. Bodine and Fink (I92r)) 
carried the reduction to 0*015 to 0*02cc. and Bodinic (1027) to 
O'Olcc., with a fine adjustment for ttu*. metal jioint. InniMANN 
(1923) while reducing the volume of liipiid to a drop upon a. gbiss 
table retains a relatively large s])ace for hydrogi'u. Radsimowska 
(1924) has a somewhat similar (k^sign. Winters^i'kin (1927) 
reduces all the fluids and sjiacx's almost, t.o (*apillarv diun'iisions, 
thus eliminating the so-called ‘dead s])accs’ of tin* apparatus. 
Ettisoh (1925) has described a variant using (juinhydroru* fluids. 
Sannie (1924) and Holowtew (1920)deserilHLsimilar arrang(‘m<*nts. 

As applied to cells and tissues, all th(‘S(* mcxl(*ls pr(*s(*nt. 
manipulative difficulties and they are appli(^al)le only to sap 
or juice in vitro. kScHAUE, Nbukiroii and 11 ai,cert (1921) us(*d 
a glass tube drawn to a fine point with an adjust.abh^ nud.al 
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electrode within the tube. This was used for sub-cutancous mea¬ 
surements on human subjects. These workers realised the impor¬ 
tance of the carbon dioxide factor and used hydrogen plus 6-6 % 
carbon dioxide for the saturation of the electrode. Taylob’ and 
Whitakeb (1927) describe and figure an improved micro-hydrogen 
electrode of a type essentially similar to that of Sohadh but 
with refinemeuts, particularly in the adjustment of the metal 
I)oint within the sheathing quartz pipette and in the sealing 
of the joints. The apparatus is designed to be used with a micro- 
manipulator and dead spaces are reduced to a minimum. 

2. MATERIALS 

^riu'se two micro-liydrogon-oloctrodcs are ox 2 )roHHly (h^signed 
for use with living cells and tissues. The Scjhadb model has boon 
used on human victims, while the Taylob-Whitakkii model 
lias boon used on Nitella but is designed for general use in living 
cells and tissues. 


3. ERRORS 

Applied t-o jdant material in the form of th(^ largo cells of 
Nitella, the last tyjie of electrode was found to show a distinct 
difference in its behaviour in relation to cell sap and to i)rot()- 
plasm. The pH of tlui pure saj) could bo dctcTmincd readily and 
with consistent results so long as the small quantity of fluid which 
is drawn into th<^ ])oint of the micro])ipetto did not contain any 
pn)to[)la.sinic granul(‘s. Th<' presence of cvem a fenv such parti(^l(‘s 
had a. markcMl ('ffc<^(. upon the jiotiMitial n‘cord(Ml. So much so 
that, although the av(‘rag<‘ of all th(*ir Headings was pH 5*47, 
t.lics(‘ authors “an* incliiu'd to regard the higher v'alu(‘ (pH (rib) 
as (he more n‘liabl(^” — because this w'as olit.ained in the 
of one (?oll wh(M*e the coll sap was known t.o he Inn', from prot.o- 
])lasmic mixture. As this method involves me(ihani<^al j)enetrati<)n 
of the coll, manipulation of the contents, and the treatment of 
these contents (dietnically with hydrogen, a considerable degrees 
of error might bo expected; but when we find an experimental 
variation of at least 0-7 in the results obtained with all the diffi¬ 
culties of mi(iromanipulation, the writer is distinctly of the o])inion 
that, so far as sap is concornod, the R. T. M. or oven a drop- 
indicator method is preferable, not only as easier to apjdy but 
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also as much more likely to give coiiHistoiit and rcuHonably ac¬ 
curate Tosnlts. 

The advantages of the use of this micro-hydrogen <‘l<‘<!(.ro(l(' 
would, therefore apjicar to ho confined to measurements Iho 
pH of protoplasm. But hero wo can qnot<! the authom in cxtrtim, 
“The protophism instantly ymxluccs a pot.cntiaI of h<>tw<>cn 
■+■ ’090 and + -OSO volts with nwpect to liy<lrogcn stisro ... It. 
is clear that those potential nwlings (lannot lie r<‘gar<l(«l as r<‘- 
prosentativo of the coiiceutrat.ion of hydrogen ions in tlie prot.o- 
plasm”. It is oonclndiKl that thewo data indicate the oxidat.ion- 
rcduction potential of protophism. “In order to ohhiin a pH 
measurement of the protoplasm it would jwohahly I)e luxicssary 
first to completely overcome the buffer action by wh<»lly reducing 
the protoplasm with hydrogen. But if this were done it couhi 
hardly bo expoc-tod that the value ohtaiiuxl would 1 k' that, of 
normal, living protoplasm’’. 

There is thus a very largo Cirror involv<«l in th(' nu'asurcment 
of protoplasmic pH by moans of the hydrogen elect.rocl(\ attri¬ 
buted to a ‘poising’ action byTAYLOK and Whitakkr, and pon- 
sibly to the formation of a film or membrane around the cb'ctnalc 
by Heilbbunn (1928). The latter mentions an antimony (dect rod)' 
(<l6veloped by Uin, and Kb.strankk, KonTTioKK, Vnks and 
Vbllinoer, see C'nAUK 1928), and desigiw'd jis a micro-electnalc 
by BuYTENni,)K and Wojbrdrman (lil27). This t.y|)c lias Ix'cn 
applied to “frogs’ eggs and similar objc(tt.s,’’ ami a]>i«*ars t.o give 
somewhat more reasonable results but, according t.o IIkimiriinn 
“there is no moans of knowing whether or not they arc: iu! 0 urat.c’’. 
In any case this does not scorn to have been aiiplied to plant 
material. The antimony electrode requires calibration wit.h buf¬ 
fered solutions and Clark (1928 p. 427) quotes Korkrtk and 
P'bnwiok (MS) on other points, of whiith the source of <Tror in 
the presence of dissolved oxygen and t.hc aciuinwy of thi> method 
jirovidod that “equilibrium is ajiproaolu'd from the alkaline 
side”, are the most imyiortant from th(i yioint of view of plant, 
cells and tissues, where dissolved oxygen is frcquiuitly i>rcsent, 
and where the sap is usually acid. 



(CHAPTER V 

€OMPAIUT()Il ITsDIOATOll METHODS 

1. I>RIN(UI>LI^]S. 2. MATERIALS. 3. ERRORS 

Hui variiiiioiiH in iiic (‘nd poinRs of an acid-baHC iit-raiion 
with nndhyl-orango and with phcnol-])hihalein as indinaiors is 
well known, as is also llu^ disturbing offeoi of free carbon dioxide 
on a- liiraiion of carbonate witli acid, using litmus as an indi¬ 
cator. These indic^ators used to be (h'seribed as slightly disso- 
ciat<Ml acids or bas(\s whiedi differed iii colour from ibeir salt.s, 
bull 1.h(‘ mon^ geiu^rally a.e.(ie])ted vi(‘Av is tbat an indi(‘.ator consist-s 
of isonuade forms wlii(*.h Umd to assume an (a[uilibrium (jondition 
(i. (‘. of taadonna's). ()n<‘ of i-bese i-autonuTs is dominant wlum 
ib<‘ indi(iatror is undissoedaU'd and th(‘ oilua’ wlaai ihe indic^ator 
is highly dissociatcal. Recemi. (^xjxadnuad.s (s(‘(^ bedow under li]><)id 
('rror) indie-ado tb(^ j)ossible (^xislxmee of more than t-wo taiitoitiers 
in ad- haist- oru^ indiead-or. 

ddic nurnlxa' a,nd variety of thes(^ substa-n(H\s whie.h dndi(^at(d 
ha-s b(M‘n larg(dy in(‘r(‘as(Ml sine(‘ IblOand ii has b(‘(a)m(‘ iniportani- 
t-o e.ho()S(‘ from a phd-hora- of indicators 1hos(‘ which ar(‘ a-s littk' 
lial)l(' a-s p()ssibl(‘ to t[i(‘ spiadfa; (‘rrors of indi<‘ad()rs. 

I. PIUNt HMJIS 

Tlu' princij)les underlying t-h(^ appli(uition of indituit-ors 
ar(‘ fully discaiss(al by Miohakljs (H)2()), K()i/riioj<'F ( 11)20), 
Mislowitzicr (1928), (h.ARK (1928) and others. In geiuTal each 
indicator is a more or less ])urc c-olour (one or other tautomer 
])red()minating) out-sid(^ its so-called bisefur range, while within 
t-hat range t-he tautomers behav(^ as in th('- usual a<;id-basc^ e(iuili- 
bria. The relative pro])ortions of tlu^ tautomers of different (*-o- 
lours give a graded series of tints at the various hydrion concen¬ 
trations within the 'useful’ range. Methyl red, for example, is 
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practically pure yellow above pH 6-0 and ])ractioally pure r<Ml 
below pH 4*4, between these points the mixture of yellow and 
red give yellowish orange, orange, ■|)inkish-orange, ])alo pink and 
grades of deeper ])ink, so that by carefully comparing tlu^ tint 
given by a solution of unknown pH with that given by the same 
concentration of indicator in a series of solutions of known hydrion 
concentrations the pH can bo determined to the first decjimal 
place. 

Since l)oUi quality and de])th of tint are considenKl ii» is 
clear that the concentration of the indicator is important, as w<dl 
as the depth of the layer of coloured fluid t.hrough whidx t.he 
virago is obtained. The importance of this latt(^r point, is <unj)ha- 
sised in the case of the dichromatism of brom-])henol blue. The 
indicator may appear blue in a thin layer and r(*<l wlum vi<‘wed 
through a thick layer. In the same way a solution whuih appcMirs 
blue ill daylight may ajipcar red in electric light.^). 

The normal procedure is to set up a series of solutions of 
definite pH, strongly buffered so that, the pH is not readily 
affected, and to use those solutions as standards for e.omparison 
with similar volumes of unknown fluids to which have be('n adchvl 
the same quantiii/ of indicator as was add(»d to the staiulards. 
The standard solutions and the fluids under invc^stigalion 
be placed in containers of exactly the sayne kind so that. th(‘ same' 
thickness of fluid is viewed in ea(di 

The normal comparator method invoIv(‘s tlu» us<* of standard 
test-tubes, in each of which from Tiec. to 2()e(^ of fluid is ])lac(‘<l. 
In order to ensure the viewing of the same (hqith of fluid, th(‘ 
tubes arc placed in some kind of a frame (called a (comparator) 
so that the virage is obtained through a uniform part of tlu' t.ulx*. 
There are at least three openings; in t.h(^ centr(‘ one is ])la.(x*(l th<» 
fluid to be determined, and then the tint given by Unit, fluid pins 
a definite number of (lro])s of the indicator is conqiared on <dth<T 
side with the standard tints. 

Olakk (192S p. 120) suggests the possible us<' of uniform 
long homeopathic vials; the same author also giv(‘s a v(‘rv usidul 
colour chart which for rough work may be subst.ituicxl for the 
fluid colour standards. Flat-sided *s])ectrum* hotl-les an* a(xuirat>e 


1) Sec Cl.vuk 1928 pp. 1«1—104. 
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and UH<rfuI for wmall quantitieH of fluid. ThcKo have l)ccn used by 
Martin (1927) and othors. 

In addition to tlioHO mothodH of comparison, various other 
methods have Ixu^n used by moans of which the preparation of 
l)uffor(Ml solutions of accurately known i)H is avoided. The 
(du(rf of those is known as OiiAjKHPIm’s drop-ratio method. In 
this <5aH(^ the fully transformed indicators arc used in two tubes, 
on<» containing the alkaline form and the other tho acid form. 
Th<» dissociation eurv(i of the indicator is utilised for the deter¬ 
mination of how many drops of indicator shmdd be added to each 
i.ub(^ in onh^r t-o obtain a combination of tho colours in the proper 
proportions for a definite })H value; the combined virago being 
obtained by vi(^wing th(i two tulx'is together in a double (iompa- 
rator. This method with various refinement.H is fully dohcribed 
by (hjAUK (192S). A similar method has been devised by Mi- 
(JiiAMLis (siHx (hiAKK ]). 127) Using indujators which have a co¬ 
loured and a colourless form like piionol-phthahdn, e. g. the nitro- 
phenol s<‘ri<\s. 

Two-colour indicators, fiilly traiisfornu'd into alkaline and 
acid forms, hav<* also b(‘cn uscmI in th(‘ form of double (iolour- 
wedges whi(di wh(‘ii calibratiMl hav<^ b<‘(‘n (|uitc as actairatc^ as 
({iLincsPiK’s droj)-ratio nu'tliod. TIk^hc (‘.olour w(‘dges were used 
by B,ifKKKrM (1914), Baunmtt (1921), Myjms (1922), Koltuojo^’ 
(1924), Vii]s (cited by liiois.s I92()), MediuK (192(1), Wjikkky 
(<!it(Ml by (hiARK p. 179) and others. Tinlom(»t(Tglasses (Sondkn 
1921) bav<‘ also be(*n us<‘d, as have <*.oIounMl inorganic, solutions, 
(Koi/riioKK 1922). 

All lh<‘s<» in<‘ihods an* alik(‘ in that lliey involve^ lh(‘ (!oin- 
])ariHon of th<‘ virag<‘ of a <*onipHratively Uinjv. (luantity of exp<Ti- 
numtal flni<l with that of a standard. 

2. MATKIIIALS 

Th<‘S(* <u)in])ara.tor nu'thods luive been used on iiiueh the sam(‘. 
mat(Tials as are inv(^stigat(‘d by means of the hydrogen-elecil rodc'. 
In so far as plant, e.ells and tissues an^ eoncerned, the large (|uantity 
of fluid re(juir(Hl (lonfiiu's the use of these methods to plant 
juices obtained by [)r<'ssure or other moans and to other fluids, 
such as the sap from tlie wood, which can bo obtained in relatively 
large volume. 
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3, ERBOUS 

The errors inherent in the preparation of HU(sh largo volumoH 
of sap material have boon indicated already xin<ler ‘Materials* in 
Chapter II. There are the same diffioiiltieiH in pn^jiaring a samph^ 
for comparator determinations as for investigation by tlio hydrogen 
electrode. 

On tlio other liand, the speoifio (^rors of ifut hydr<)g(Mi-<'I(*<s 
trodc, i. 0 . the reduction error, elecitrodo poisoning, oxygcMi (‘rror, 
carbon-dioxide-dilution error, and errors involved in tlu’i pn^- 
paration of the electrodes and the hydrogen, all th(»s(j ar(^ (di- 
minatod by the use of indicators, as are also the phos])hat<'-HUgar 
and tannin errors of the quinhydrono electrod<^ 

The errors inherent in the use of coin])arator indicator 
methods may he grouped thus: — 

(a) self-colour of tlui solutions, 

(b) very dilute or unbuffered solutions, 

(c) salt error, 

(d) protein error, 

(e) temperature error, 

(f) other errors. 

Some of these arc discussed by (hiAHK(192S, (-hap. \'III) 
who gives convenient tables for reference. The following a<!(u)unt. 
is, however, based mainly on Koltiiokk’s monograpli on indi¬ 
cators (1920), also Rkjss(1920) and Pkkikkkk (1927). 

(a) Self~colour of the aVo/v/Zw/ov. — 'This (‘rror may l>e (U)rre(d(‘d 
either by Sokbnskn’s method of colouring the standard bnfhu’ 
solutions to match the solution under investigation (s(h^ (h^AUK, 
1928, p. 171), or by using a six-hole double (joinparator with a 
tube of the self-coloured fluid behind each of the two lailx^s of 
standard buffer-fluid plus indicator and a tube of ])lain wabu* 
behind the tube of self-coloured fluid phis imlie.ator (ibid). 

(b) Very dihite solution's, — With an a<d(l indicator having 
a dissociation constant of JO”” in the usual conc(uitration of about. 
10“® molar, neutral water appears to have a pH of (i-Kf) instc'ad 
of 7-00, an error of 0'J5. Most of the indicators commonly uh(*( 1 
have a dissociation constant of less than 10 ” and would giv(^ 
an error much smaller than 0'15. Most of the solutions d<^alt 
with in plants have a concentration considerably gr('at.(‘r than 
10“®, and this would normally reduce the error to the. second 
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(locimal place and render it negligible. Methyl orarige^^aM phenol 
phthaloin, however, may give much larger errors; the latter;foj? 
example, may indioate a pH 8*7 in a solution of pH 10, when 0*1 oc. 
1% phenol phthaloin is added to lOcc. of 0*0001 N NaOH. The 
nu^tliyl orange error in very dilute acid solutions is.considerably 
smalK^r than this if the indicator bo used in the normal dilution. 

(<0 The salt error. — With concentrations below 1-0 N of 
neutral salts such as KOI and NaCl this error is at most 0*06 i)H 
for tro})a(^olin 00 and thymol blue; 0*08 pH for methyl orange 
and nw^thyl yellow; rising to — 0*35 pH for 0*5N KCl, with a 
larger (^rror at very small salt concentrations, for bromo-phonol 
blue wliieh is tluireforo not suitable for very dilute solutions; 
—0*55 pH for i)-nitrophenol, another ‘very suitable’ indicator; 
—0.15 ])H. for jdienol red and -[-0-12 i)H for neutral rod. These 
errors become significant in dealing with sea-water. Koltuow 
recommends amongst others for use with very dilute solutions 
of electrolytes the following indicators — cresol red, neutral 
red, B/r.B., B.C.P., M.R, and methyl orange. The ‘salt error* 
of those at low electrolyte contmit is small. 

(d) The protein error, — On account of the ainpholytie nature 
of proteins, Si)iiKNSMN and others have shown that most azo- 
dy(‘.s and eongo-n^d should he completely avoided in ])H nieasure- 
incMits of j)rot<‘in-<;<)ntaining media. The ])rotein error of methyl 
hmI in a mixture of 2 jx^r (lent. egg alhuinin and HOI may be as 
miie.h as 0*25 jill at pH 5*53; thus elee.trometrically it may ho 
plL5'53 wliile (?olori^l(^t^i<^ally |)H 5*27 is iiulicated. Wh(‘n' only 
tilt* dee.omposilion ])rodueis of prot(*ins art*. prt‘st*nt and iit) untlt*- 
eoinpost*d ])ro<ein. Hit* tirror with methyl rt‘d is coiifint*<l to tht* 
st*txm(l tlt*<rimal place, but. hydn)lys<*tl st*rum may give a methyl 
rtMl jinditiiu <»rror of pll 1*1 grt'ater by tlu* t‘.t)lorimet.ric mt*ihod. 
Rjolhs(102(> p. (14-) fouiitl that gelatin fragments in an a(|iu‘t)us 
medium gave ])H indit^atitins with various indie.ators whie.li 
tlifft*retl by I'd 1*0 frtim that tif the fluitl around the 

fiartitilt^H, and tcntativ'<*ly (xmipartes this with the jirott^plasm 
and tht* tx41 saj). Olark (192S ]>. 1S5—ISO) quotes tablt*s t)f 
prt)t.tun errtirs by (V)I1EN anti others. 

(ti) The temperalure error. — I'ho dissociation constants of 
iiitlicattirs, like thtist*. of oi.hor t^lectrolytes, vary witli tlie ttun])e>- 
rature but tlio ohangt^ is very alight at ordinary room temperature 
variation in t.em 2 )t‘.rate regions. Jfor example, for the change 
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between 18® and 70® KoLTiroCT given valuen around 0'2 to 0*7 
for the usual indicators and the tein])eratiir<‘ eot^ffieu»nt. for th<‘ 
change in phenol phthaloin is given as 0*01 i)er <l(»gr(>»(^ t his (sor- 
reotion being subtracted for the teinperaturcs abovc^ 18® (1. 

(f) Other errors. So far as comparator methods ar(‘ eo!UJ<*rned 
these are mainly duo to li])oid action and (jheini<*.al e.hang<*s. 
The action of lipoids. — iliorss and Pkkjifkkr eitc^ KaurA-Frwmikt 
for the statement that indicators in ii}>oid solution t.ake tlu^ colour 
of the undissociatod form. There ans, howevt'r, several ini<»r- 
eating and easily conducted experiments, which (?au be dom^ 
with methyl rod, diethyl rod, dilute acid or dilute^ alkali and 
various oily substances. The combination of indu?ator and dilute* 
acid or alkali^) is shaken up with the oily li(|iiid in a test-tube 
and set aside until separation luis taken placu*. With clove oil, 
consisting mainly of the liqtiid idienol cugenol, tlu* oily lay<*r 
takes up the indicator in the red or yellme form atHiording lo 
the reaction of the aqueous liquid. With liquid paraffin a yellow 
form is taken up from the rod aqueous acud li(|uid and no colour 
at all from the yellow aqueous alkaline liquid, thus sugg(*sting 
the existence of two yellow forms of I)Kit, one solubU* and tin* 
other insoluble in liquid paraffin^). The tlu*or(*t.ie.al asp(*et8 of 
this phenomenon arc interesting in relation to tlu* theori<*s of 
indicators. 

With olive oil, free oleic acid***) and eastor oil, t.ru(* lij>oids, 
the neutral orange tint occurs in the oily lay(*r above th(* u<[u<*ous 
liquid whether the latU*.r be red or ycdlovv. Rkiss (ll)2(>) foun<l 
that particles of mastic behaved in the same way as do tlu*. triu* 
lipoids, taking the neutral form always. The presenci^ of a ‘rn'iit raP 
tint with DERandMBi is, therefore, not to bo taken as n<*(M'ssarily 
an indication of true neutrality with lii)oids. With an oily sub¬ 
stance like liquid paraffin the virage may or may not lx* trui*, 
while with an oily substance like clove oil tlu^ virag(* <l(*[x*nds 


1) Or slif^htly alkaline tap waU*r in the oasts tsf castor or olivt* oil, 
in order to avoid saponification. 

2) The acid forms of methyl rod and diethyl red which an* ml in 
aqueous solutions may, however, bo yelloio wlusn in solution in liquid 
paraffin. 

3) This and other fatty acids are yielding very interesting results 
in a systematic investigation now in progress. 
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upon the pH of the ciioumambiont fluid. With liquid paraffin 
and phenol phthalein the red form is not taken up by the paraffin. 
With brom-cresol green the blue form is not taken up by castor 
oil but the yellow form with an acid aqueous layer shows in the 
oily fluid, 

Chemical change of the indicators. — Reduction, producing 
considerable changes in the indicators, interferes with many 
dyes particularly Nile blue and cresyl blue, but the usually 
selected indicator dyes are not affected to any inconvenient extent 
by this error. 

Considering all these errors in relation to plant fluids — 

(a) We !nay correct the ‘self-colour’ error by the double 
comparator method or avoid it by the use of cupillator motho<ls 
described in the next chapter. 

(b) Wc may neglect the ‘dilute solution error’ if the methyl 
orange and phenol phthalein typos of indicator bo avoided. 

(c) With the usually sclcotod indicators the ‘salt error’ amounts 
to about i O'l in the pH and that is the general limit of accuracy 
in determinations of the pH of plant juices by means of indicators. 

(d) The ‘protein error’ varies considerably with the material 
used, but for plant juices where the protein content is relatively 
small the curmetion is usually of the same magnitude as the 
salt error or smaller. As the j»rotein correction is more usually 
of a -j- sign and the salt correction more usually a minus sign these 
two errors may well cancel each other in the common j>lant juices. 

(o) The ‘temperature error’ may become of im|)ortance in 
the trojjics hut with our usual variations of l.T'O to ‘2r>**(’. in 
room t(“mperatur(‘s, it seldom roaches tlie first jdaeo of (h'cinials 
and may oonvetiic'ntly ho n(“gl<‘ct<“d ('.xcopt during a roally hot 
summer. 

(f) The ‘errors’ in this grouj) require not so nuudi eorreetion 
which is (liffi(!ult to apply, sis eareful attention to detail in th<» 
interpnitat'ion of the results ohtain(‘d. 



CHAPTER VI 

CAPILLATOR INDICATOR METHODS 

L PHINOrPLES. 2.MATEmALH. 3. ERRORS 

The necessity for a comparatively large voluitui of fluid 
for a pH determination by the various comparator incitliods and 
the frequency with which only a small volintie of siu^li fluid is 
available have led to the adoption of various alternativ(‘. meibods, 
amongst which the capillator metliod stands out as most generally 
useful and reliable. 


1. PRINCIPLES 

Capillary tubes were used by Irwin (1925) for comparison 
of dye concentrations. Walthkr and Ulukui (n)2()) used (uipil- 
lary tubes 5—7 mm. long in which buffered indicator fluids 
wore compared with the fluid of unknown pH plus indicator. 
These capillary tubes were then view(‘d along tluur haigih in 
order to get depth of colour for c.omparison. (h.ARK (192S [>. VM)) 
quotes Neudiiam (without reference) and Kavkjne (cuRmI 
sonal communication’) as using capillary tubes. Th(^ B.D.H. 
capillator has, however, been readily obtainable siiuic-. 1925 from 
the British Drug Houses Ltd., and has been used in this d(‘- 
partment for several years with increasing satisfaction in th(‘ 
results obtained. This method is, according to Tustino Coc’KINO 
(1926) due to H. A. Ellis, Capillator Patent No. 235 45S (1921). 

The capillator outfit (fig. 2) consists of a s(d. of (‘andully 
gauged alkali-free glass capillary tubes to eacih of which an ap¬ 
propriately small size of rubber bulb can 1)0 atta(9u‘(l for faking 
in or ejecting the fluids, (2) a series of in(li(;af,or solutions nuuh^ 
slightly stronger than usual, (3) a series of ‘k!aj)illator cards” 
consisting of buffered indicator solutions seakHl in capillary tubes, 
mounted in sets of three tubes for each step of 0*2 in pH throughout 




iiivoHti^aiioii, an<l Huh fluid in niix(Ml in tlu' watch-glaHH with tlic 
indicator. TIk^ niix(vl li((iiid in Ukmi drawn into tln^ nii(‘ro-))i|>ct't<' 
and compared with the Oapillaior standards. TIk* pll can then 
1)(^ placed at one or Ixdwcen two of the triph^ sets of standard 
tints. In this way tlie pH of a fluid is easily determiiKxl, with 
reasonable acxuiraey to a single unit in the first decimal places 
The j)rin(jiple of this B.D.H. eapillator inethod is funda- 
numt-ally the same as that of the e-ornparator with im]>ortant. 
modifications in the (piantity of fluid re(|uired and in tlio greatc-r 
(X)ncentration of indicator which makes com])arison much (‘asier 
t.han in Walthkr and Ulrkui’h method. The use of thre<i tubes 
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for each tint renders any change in tlie standarcl ()l)viouH at oncic, 
since all throe tubes seldom or never changes at tlu^ wame 

3. MATERIALS 

The cai)illator method is of goiu^al applicability and, with 
))uffored fluids, (an be used for any inv(^si.igai.ion in wliieh 11u» 
standard comparator method is applicable; it has a nurnixu* of 
advantages over that method. It is Him])Ie, convenient an<l rapul, 
an<l Tuight well repla(t(% ({iixjBseij^’s method witli its various 
modifications where the task of making up buff(*red in<li<*ator 
standards is avoided for one retison or anothc^r. 

For titraiions where a scries of ])oints are re(|uire<l, as in t lu’' 
determination of titration ciirvos for buffer ind(»xes, the (uipillator 
is very serviceable, since the small <iuantity witlxlrawn, inix(‘d, 
compared and returned to the bulk interferes with th<‘ titration 
curve to a negligible extent even in siuih slightly buffert*d fluids 
as Sunflower sap. The quinhydrone (dectrode if availabl(‘, is 
even more convenient since the titration can be (tarri(*<l out actu¬ 
ally in the electrode vessel, and the numerous ])oints obtaim^d 
give a smoother curve. 

Another advantage of the capillator method is that it can 
be used freely with self-coloured fluids, ])rovided that th(% colouring 
is not too dense. The usual tints disappe^ar almost emtindy wlum 
the fluids are viewed through a layc^r the* dc^jth of which is tlu‘ 
inner diameter of a capillary tube. 

Still another advantage of this method is lh<‘ small (juantity 
of fluid required for each determination. In dealing with plant 
fluids which are diffieult to obtain in (|UHiitit.y, r. g. sup from 
specific tissues or from individual seedlings, this capillator m<dho<l 
makes possible pH detormiitations whicdi cjould not- lx* ohta.in(‘<l 
by comparator methods. 


3. ERRORS 

The cajnllator inetliod is liable to all tlie sp<‘cil’ic (urors of 
indicators as given in C^hai)ter V. As aln^ady stated th<‘ H(df- 
coloiir error is to a very larg<^ oxt<mt avoickvl. Mon* caution, 
however, is necessary when dealing with very (lilut<* solutions. 

(a) Ver?/ diVnle, soVutioyiH, — This ])()ssil)l(i (*rror wliich is <lis- 
cussed in the previous chapter becomes mon^ important when 
equal volumes of flui<l and of indicator arc* use<l. ^rh(* relativtdy 
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small volume of indicator solution in the comparator methods 
becomes a relatively large volume in the capillator methods, 
so that with very slightly buffered solutions the indicator solution 
may buffer to such an extent that the virago does not change 
when a mixture is made with an equal volume of the fluid under 
investigation. 

(b) The alcohol error, — As the hkI (acid) forms of methyl 
red and diethyl red are stable only in alcoholic solutions this 
r(Hiuir(^s special attention. These indicators are usually su]>plied, 
if in solution, in an al(*.oholic medium. Unfortunately the alcohol 
(uTors of theses two indicators have not y(^t been determined but 
th(^ magnitude of the correction to be applied to these colorimetri(^ 
(hd/erminations in alcoholic media of 10 to 20 per cent, strength 
may be judg(‘.d from the following corrections given by Kolthofk 
(p. 184); thymol blue in 20% -|- 0*02; H.P.B. in 10% d- 0-23; 
methyl orange in 10% —0*10, in 20% —0*20. With the com¬ 
parator methods the alcoholic iiulicator is so diluted that this 
error is ncgligihle, except with industrial alcoholics fluids such as 
wines; hut with the ca[)illator method the indic^ator’ fluid is di- 
Iwicd with only an e(pial volume* of a-ejueous fluid so that ibis 
(*rror /nai/ amount, to 0*1 or 0*2 with thc^ m(‘thyl red tyjx* of 
indicator. 

(Nearly it d(‘[)(uids upon the* mat.<'rial us(‘d as t.o wh(‘th(‘r 
the advantage's of the cai)illator method outwedgh the* incrc'ascnl 
liability to the* errors with uid)iiffer(*d or alcoholic fluids. 



CHAPTER vrr 

SPECrAF. INDICATOR METHODS 

I. 1>RIN(U1>I.ES. 2. ERRORS 

1. PRIN<1IPI;ES 

The standard })uffcr solutions with known c.one.eniTat ions 
of indicators viewed through the same thickness of laycu’ ha,V(5 
been replaced in some eases by the eoloun^l (duirt givtui by 
Clabk(1922), in others by tintometer glasses (SoNi)|f:.N 1921), 
in others by colorimeters of various kinds, e. g. Koher (Duenunt 



and Doixje) and Dubosoq (Atkins), and in otlua's hy colounMl 
inorganic solutions (KoiiTiroKF 1922). 

Double wedges have been used by a numlxa- of iiiv(‘sl igaiors, 
as mentioned in Chapter V, and this rnetliod has lanai adaptcal to 
microscopic investigation by Vles (1926). (SchmUso Pfeikker 1927). 

The principle is illustrated in fig. ,‘k 





SPECIAL INDICATOR METHODS 


37 


Koltiioff and otherw have worked on indiciator papers like 
litmus ])apcr, but the use of these is limited to certain indicators 
and mainly to solutions whore the buffering is strong enough 
to overcome the buffering effects of the paper used. Kolthoff 
(1026 p. 230) gives a list of indicator papers of practical usefulness 
for approximate measurements, together with their sensitiveness 
to HCl and NTaOH. Lacmoicl paper, which was tested by Hbmpel 
(1917) and used by Haas (1919), is rejected by Kolthoff because 
“the colour change was not sharp enough”. 

According to (Jlauk (1928) the indicator paper is either sized 
and exerts a strong buffer action or it is unsized and exerts a 
capillary effect giving “rings of different composition”. These 
rings are easily demonstrated by dropping indicator solutions on 
to filter paper. 

In dealing with plant colls and tissues wliere the buffering 
is often not really strong, the use of indicator papers is, therefore, 
not to be recommended. 

Quito a number of other methods have boon used by bio¬ 
logists, such as silk threads coloured with indicator solution 
(Rmbkulo 1022); drops of indicator applied directly to the surface 
(GkXff 1924); th<^ same allowed to dry (MwMMKsnKXMBR 1924); 
sections or cells iininerscd in indicator solutions and coitipannl 
with tints in vitro Rktiik 1914—22; Hniiwm 1915; Rohdb 1917, 
1920; Barnktt and Cuafman 1918; Atkins 1922; Lewis and 
Frlton 1922; Pearsall 1923; Balint 1924; Soiiade 1924; Mk- 
vxrrs 1924; (Jkjklhokn and Keller 1925; Pfeiffer (N. I*.) 1925; 
kVtster 192()—27; SivrrTir 1926 and otluTS. Saoiiakowa (1925) 
used sections immersed in v(Ty dilute indii-aior sohd.ions and 
eoinpanMl the tints with those* giv(‘n by |)l)osphat.e mixtun*s in 
caj)illary tulx's 6 erns by 1 mm, using an Aube pn)j(*et.ion a.p|)a- 
ratus for bringing the two virages into juxta-position. PKEiFKFjt 
(Z. M. 1925) used the section immersion method with a inoclifi- 
(^atiou of (Gillespie’s metluKl of eo!n})aring the tints of imlieators 
in the abscTux*. of standard hnffer solutions. 

A valuabh^ metliod of restricted appli(iation consists of Gie 
use of natural indicators as they occur in the colls of flowers 
and other parts of the plant. This was first used by Soiiwarz (1892) 
and later by Willstattbr (1914), Haas (1916), Crozibr (1919), 
Atkins (1922), Smith (1923), Brooks (1926) etc. These natural 
indicators have boon used in vitro^ o. g. litmus; blueberry juigo 
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(Watson ]I)I3); rod oaldmgo (WAiiHnM 11)13 an<l M<’(^i,kn- 
DON 1914). 

Tiidicators have boon intr()(luoo<l into t-ho animal (u*ll - • 
(1) iu solution by ciarcf\il rupture (mic.ro-ik^rasomont) of t.ho m<‘m- 
brano (Vlks 1924); (2) in solid granules (Kcuimiotmann 1924* • 2r>); 
and (3) in solution by niioro-injcction (Kxt.k, (^iiamhI'Jks, Pk- 
TJB3RFI and Nemdkam, cited by Rriss 192(1; and <)tb<M*s, Pi^’BIf- 
MR 1927 p. 447) but such incihods hav(^ not yet bec^n appli(‘d 
to plants. The iniciro-injcsc.tion methocl may be of <u)nHi<lt*ral>l(‘ 
value provided the to(dini(|ue and inter[)rel.atic)n of tli<‘ iH'sults 
follow those of the Range Indicator Method dese.rilxvl in tin" ne>xt. 
chapter. 

Other micro-methods include that given by Waonwr (1919) 
who compared drops of plant juice plus indic^ator (lakmosol) 
with droi)S of buffer solution plus indicjator, the plant, juice being 
extracted by moans of a fine glass pipette. He claimed an ac¬ 
curacy of *025 for his pH figures but it will be obvious that th<^ 
inherent experimental error in all indi(tator methods ap|)lie<l to 
colls and tissues is more than this. Even for expn^ssed jui<H»s t h<‘ 
‘dilute solution* and ‘alcohol* errors may Ix^ both of gn^atc^r magni¬ 
tude than *025. Fiolton (1921) developed this method of (healing 
with small quantities of fluid, using white ‘opal* glass as a “spot- 
plate** and direct vision for comparison (ep. vSaciiarowa’s <'apil- 
lary tube method). A similar method was used by Brown (1923) 
ill which the spot-plate ha<l depressions for holding th<* mi\<‘<l 
fluids. This apparatus is available from tin* LaM<)Ttk(’<>. 
(cited by Clark). The drop method or some other mo(lifi<Ml 
micro-method for small ciuantities of sap has boon usixi by Oro- 
zxbr(1919), Atkins (1922), Saohauowa (1925), Brooks (1929), 
Mkvius (1929), Doylb and Clinoh (1929, 192S). Other inv(\sti- 
gators along similar lines include Micjitaklis and Kramsztyk 
(1914), Kkhaup (1919), Hkmpkl (1917), (^LMVKN(noR (1919), Maas 
(1929), Ronoati and Quaoliarikltx) (1921) and (JiriLi.AUMiN 
(1922—23). 

Some of these biological special methods an^ so liable* to 
gross errors that uo more need be said of tliem; but t.h<^ mi<To- 
colorimotor, used in the microscoiie as sugge^sted by Vlks (1929), 
and the observation of the absorption spectrum using two <4ia- 
raoteristic bands of the two forms of the indicator, this miero- 
spectrophotomotrio method might avoid many of those errors. 
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Attompts to ai)ply thiH method to plant tiHsiioa have, howiwer, 
not proved very sucocBsful. The absorption spectrum of a coloured 
living coll with a cellulose wall is not easy to compare with that 
of a fluid in a bottle. The technique may be capable of further 
development. 

The natural indicator method is one of the most useful 
ways of investigating changes in acidity under conditions which 
are either completely natural or as nearly natural as is at present 
attainable. Sohwabz (1892) correlated in vitro the gradual 
change from rod to blue during the anthesis of flowers of Pul- 
monaria, AncJium, and fjothyrus with a decrease of acidity and 
its effect upon tlie anthocyan indicators of these flowers. Wtll- 
- STATTKR (1014) noted that the same anthocyan indicator gives 
ih(^ red of the rose })etal at pH 5*5 and the blue of the cornflower 
(lorolla at ])H 7-2. He further found that in buffered solutions 
the rose goes blue at pH 7*2 and the cornflower goes rod at pH 5*5. 
Haas (1016) investigated the anthocyan indicators of a numhor 
of plants and by moans of those observations ol)tained quite 
natural values for the hydrion concentration of the cell saj^ (see 
(Chapter XVII). Smith (1023), Thomas (verb.) and others have 
us(‘d l.hes<^ flower indicators in rc'searciies upon the behaviour 
of plant ({(dls under exj)erirnental conditions. 

The section-immersion method iis used by Koiidk, Atkins 
and others is (jonsidered in the introduction to the following 
chapter hut in spite of tlie errors indi(?ated there, this metliod 
(iompan^.s favourably with most of the biological sp(»cia.l methods. 

Th(' <;cntrifiigal infiltration nu^thod (Z.I.M.), d<‘vis(‘d by 
Wkhkk( 1927) is sirnph' in op('ration and avoids tlu' ‘shocU- 
(‘ff<‘(its’ of s(M*l.ion m<‘tho(ls. In this ease*, tin*, wlioh' l(‘af, or oth(U‘ 
orga-n, is |)lac<*d in the l.est-tub<‘ of a ('(‘iitrifugc^ and c.omph'ti^ly 
immers(Ml in the indicator fluid to be used, dotation at. 1760 to 
2600 nws. per min. is followe<l by a peiK'lration of (In' vital 
stains or indicators. In addition to Wkhj^k, S<!ARTII (1027 ]). 502) 
and (Hkjkluorn (1027 j). 7) hav(‘. used this niotliod with interesting 
results. (jKJKiaioRN (Kkllwr and (JiOKnnoKN I02S, p. 1237) has 
devised a modification (V.I.M.) in which evacuation, by means 
of a vacuum ])ump, of a chamber containing the jdaut organ 
immersed in the staining fluid, takes the place of the centrifuge 
in the Z.l.M. Kisser (1028) discusses these methods but gives no 
pH data. The microscopic examination of the guard-cells of whole 
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leaves iw comparatively ciiwy bat these infiltration nu^thods an* 
limited in their applic^ation by the difficulties of examining th(^ 
tissues of most jdant organs in the whole (u)ndition. The* eom- 
l)leto displacement of the intereellular carbon dioxide may in- 
trodnoo a considcTOblc error by disturbing the carbon dioxide 
balance of the tissues. But the (errors of inU^rprelation as in¬ 
dicated for other metliods in the following chapter are lik(*ly i.o 
bo greater than tin's <^arbon dioxide error. 

3. KRKORS 

Most of these micro-methods are liable to thc^ sp(*cifie errors 
of indicators and also the errors noted for tln^ capillat-or method, 
e. g. dilute solution error or concent ration of indicator (*rror, 
alcohol error with other tlian aqueous soliitJons. The (*rror of 
using methyl red and diethyl red in th<\ stable* alkaline water- 
soluble form, especially with relatively unbuff(*red sa]), should 
bo quite clear and tho avoidance of the alcjohol c^rror is a matter 
of very careful technique (sco next ehrt])l(*r). 

When dealing with colls and tissiu^s ih(*re may he* oth(*r 
sources of error such as. — 

Self’Colour of the CelUn — Where tlie (tells of a i)laiit iissiu* 
already contain a ])igmout, indicator measuremetnts (^an lx* ap¬ 
plied by adding tho same i)ignieni in similar (tone(*ntrati<>ii to tint 
bufforocl indicator solutions used for e.oinparisoii, or l)y using 
colour filters of tho same tint as that of tho ecdls iiiidtu* e<)usi<h'ra- 
tion, when viewing the buffered induxitor solutions. In (‘ither 
case tho present writer considers that the addition of indicator 
solution to a coll which already contains a pigment is apt to give* 
a colour which may bo described as aleatory. Records of pll 
obtained by moans of indicators for colls (containing anthocyan 
pigments can bo viewed only with reserve. 

Concenlraiion of the Indimlor. — The conix'ntratioii of th<* 
indicator naturally controls the intensity of tin* ihit and nuiy 
oven control the colour in a dichromatic fluid. T\w coneentraiion 
of the indicator must also bo very low in comparison with tluc 
concentration of hydrogen ions; with comj)arat.iv(*ly strong 
solutions, the indicator itself acts as a buffer Ix^having like tlu*. 
salt of a weak acid and, therefore, not changing its virag(c to 
correspond with the real pH. 
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Localisation of the Indicator, — Tlio indicator may l )0 taken 
up by one part of the coll and not by other parts. (Jare is required 
in tli(^ attribution of the recorded pH to sap or to protoplast 
or to wall. Plasmolysis forms a useful method for cheeking this 
locsalisation in some materials. Adsorption by non-aquoous par¬ 
ticles may interfere but this appears to l)o a rare case, as most 
of the intracellular granules which fix the colour are permeated 
with water. The indicator is then in aqueous solution, and be¬ 
haves normally. Fine particles of mastic in a solution of sodium 
chloride may show yellow with bromo-thymol blue, while the 
cireurnambiont fluid remains blue as stated by Reiss (1926 p. 63). 
Clove oil, however, takes up methyl red and diethyl red in either 
the red or the yellow form according to the acidity or alkalinity 
of tlu^ aqueous fluid with which the oil is shaken. 

The dielectric constant of the protoplasm, — This, as indicated 
by (UoKLUORN (1920) and Pfeiffer (1927) (cf. Keller 1928), is 
important in dealing with the few records available for the pH of 
cytoplasm itself; but th(^ dielectric constant would not appear 
to bo a serious source of error in <ioaling with sap or expressed 
juicers. 

(•hcniicitl rhantje of the indicator, ~ Red motion, the most 
likely source of an error of this kind, does not interfere wilb the 
usual indicators to any considerable e.xtent. 

Holnhility of the indicators, — This fa(d.or (‘utcTs in <)n<‘ or 
other form into several of the other errors; but otic aspect re(juires 
sp(HiiaI immtion. Thc! acid (red) forms of methyl red and diethyl 
n‘(l crystallise ra|)idly from a(iueoiis solutions, so that. wIhmi tlu^se 
indieaiors an^ us<mI on v<u*y acid material, <‘. g. s(M*tions of Pclar- 
(joniinn, tlu' r(‘<l forrii of tin* indicator l^mds to (uystallis(‘ out 
afl.(‘r t.h(^ indicator has ])enetral<Ml to the v<u’y acid sap. 

When all tlu*se possible sources of (UTor arc. (‘onsidcuc'd it 
becomes chuir, firstly, that a method whicdi avoids as many of 
t.luun as possible is v(u*y desirable, and secondly that both techni¬ 
ques and the inteu-pretation of observations should b(‘ tlie subjects 
of careful criticism. 
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l.(n^3NIi!RAL. 2. TilR R.I.M, INDU^ATOHS. 2. TR(UINI QUR. .I.TIII^] 
EFFKdTS OF ETHYL ALOOHOL ON PLANT TISSUES. 5. OIF 
FUSION OF ELEOTROLYTES. 6. BKIIAVIOUH OF INDK^ATORS. 
7. SPEOIAL PRECAUTIONS. 8. R.LM. AND OTHER METHODS. 

9. R.LM. ERRORS 

1. (JENERAfi 

When the fact/H givon in the proviouH cliaptcTH 
it Ls clear that our knowledge of reacition or hydrion eoiHuudrat ion 
in plants has been confined mainly to the rcHuIis of (hderininaDous 
of the hydrion concentration of liquids which have IxHm expr<\ss(‘d 
from various parts of the plant and examined (dtlnn* by uK^ans 
of indicators or by electrometric methods. In addition to th(‘s<‘ 
determinations we have the observations by Sohwahz (IH92), 
Haas (I9H)) and others, wIhtc the coloured Hid)Htane(\s (xamrring 
naturally in the cell wxto taken as indi(^ators of hydrion eoneim- 
tration. .Roitdk (1917) seems to have lx‘(ai tln^ first/ to piddish 
a record of the use of indicators ai)pli(xl (externally to [)lant 
sections in order to dct/crmino the pH of th(^ tissiu's. Atkins (1922) 
fcjllowed this author in the use of the ordinary synlhetie indi¬ 
cators in an attorn})! to determine the reaet/ion of living tissues. 
The methods of Ronnio and Atkins involvx^ a comparison of t.h(‘ 
tints yielded, thus with the latter, “Using m(‘thyl nxl, th(‘ sel(‘- 
ronchyrna and hast fibres give a salmon |)ink to j)ink colour, 
(joiTCsponding to pK 5*4 to 5*2; tlu' wood apjxairs a faint pink, 
not inorc^ acid than pH 5*4 to 5*() and tk(‘. nu'dullarv rays aia' 
yellow. The upjXM’ limits of acidity are theref()n‘ fixtxl. It ixnnains 
to determine the acidity of the portions api)('aring uniforndy 
yellow' of the same tint with di-ethyl red. With plumol nxl t-ho 
full yellow appeared, showing an acidity of pH ()*() or more. 
With brom thymol blue a yellow with a green tinge w'as sexm, 
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niaUsbin^ iho c.oloiir with pH (>*2’*. In order to avoid an t‘rror 
hor<5 du(5 to a green tinge in the tinnuo a drop method with ex- 
proHHod Hap wan used. Thin method applied to froHh Hoetions of 
Mvia verhvnacm gave ])H 5*2—5*4 for the Hclerenohyma and i)aHt 
fibroH, pH 5*4 —5'0 for the wood walls and pH 6-0 for medullary 
rayH, inednllary and eortieal parenchyma. Rohde uses “rosonrot, 
rot orange, orange gelh’’ and “Kirsch rot, rot orange, gelb orange, 
gidi)’* for inei.hyl orange and mothyl rod respectively. 

When oiu^ coiisidorH — I. that a carefully prepared Htandard 
indicator colour is generally regarded as noeossary for accuracy 
even to *2 in pH valucH; 2. that the concentration of the indicator 
in iho solution to Ix^ t.(‘.Ht(xl mimt not differ materially from that 
in the standard Holution; and "A, that both solutionH are iiHually 
]>la<i<xl ill test-tubes of standard size and viewed in a (iomparator 
whieb permits a view only through the whole thicikness of iho 
fluid, one is rather surprised at the publication of these methods 
of using indicators on sections. The ])osHible errors involved are 
numerous, and inolu(l<^ 1. variation in depth of colour due to 
variation in the thickness of the sections, 2. variation in (ie])th 
and/or (|uality of tint from tissue to tissue due to variation in 
the rate of penetration and/or iwlHor])tion of the colouring fluid, 
3. variation in the quality of tint due to sap wliich has (vseaped 
from cut cells, 4. the ‘j)rotein’ error, 5. the ‘salt* error and G. the 
‘lipoid’ error. 

llic first two .sources of error are so obvious to a critical 
investigator t.hat (Ilauk (1022 p. IIS), referring to “the use of 
uiie<pial d<‘pths of solutions through which the colours are viewed” 
writers t.hat “TIkmxi an* (Trors of t(M4ini(jue .... which may he 
passed over with only a word of reminder”, lie also n*f(*rs to 
oertaiii optical cfh'c.ts (il)id. ]>. (55), g. whta*e a dic^lirornatic. 
purple such as that of hrom phenol blue may a|)pcar red or blu<‘. 
according to tlu^ t hickiu'ss or thinness of the layer of flui<l trav(‘rs('(l 
by the liglit (examined. 

With regard to the secoinl source of error wo liave in Fact 
found tissues which, although giving a stronger red with di-ethyl 
red than surrounding tissues, give a yellow with methyl red whih* 
the surrounding tLssucs give a rod with methyl red, and similar 
results have boon obtained in other cases with other indicators. 
The deptih of the tint observed is, therefore, no certain guide to 
the exact hydrion oonoontration of a .tissue. 
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TIio Uiinl Kourco of error can he avoided hy Hiiita])le wanhing. 
The fourth or ‘j)roteiir error lia« its Hounu^ in removal hy 
adsorption or otherwise, of ilic iiuiieator from th(‘ fi(dd of a<d.ion 
and must be eonsidered in theejiseof Uie living eell. The fifth or 
‘salt’ error lias ])eon diHoussed above (p. 2?)) and iseov(*r(Ml hy the 
admitted experimental error of all indicator work on plant material. 
The sixth or ‘lipoid’ error, with true lipoids, is (tovensl for DKHaml 
MR hy the use of colours only and the elimination of‘orange’ aiul 
all other ‘neutral’ t.iiii.s fronx the fthjniflcani indications givim l)y 
the R.I.M. method. The reds obtained with methyl red and mitin, 
suhorin, lignin etc., would, therefore, a])pear to he true *virag(*s*, 

Notwithstanding the possible source's of error in t his nudJuxl 
of determining the hydrion concentration of i)Iant t.issu(*s, such 
a method is surely more reasonable and more likely to l)ring 
out a closer approximation to the truth ({oncerning tlu^ significant 
variations in reaction in plants than are the (d<'(d.roin(‘trie nud hods 
so commonly used. It seems im])OHsihle at the pres(‘nt stage to 
^PPly electrometric methods to the intc'rior of ordinary living 
plant colls. The nearest approach if) an unmixc'd sap used for 
such determinations is that of Valonia usetl hy (htoziKK (IIMO) 
and Taylor and Whitakesr (1927). But (considering ilu^ <‘(>m- 
parativoly extensive variation in the pH of neighbouring (udls, 
the (lotcrmination of the 2 )H of a liquid, whkch is a errnh' mixt un' 
of cell waU fragments, eytojdasm and vacuiolar saj) with nu>st. of 
their inclusions, does not s(*ein capabk* of j)roviding us with v<‘ry 
satisfactory data upon which to base (jonelusions (‘onecu’ning tlu^ 
rdlo of hydrion concentration in the lif(‘ of tlu^ plant., 'riu' data 
obtained by Crozirr (joucerning the reaction of lib(*rat.(‘d vacuolar 
sap of Valonia ma^ bo more reliable and more significant, h\it. 
even in that case the very i>r<)ccsH of lilx^ration may hav(» involv(‘d 
significant changes in the hydrion conoc'ntrat.ion of t h(‘ sap. h’or 
exam 2 )le, in the case of a very slightly huffenMl phoHj)hat<^ solul ion 
the carbon dioxide (?ontent may be the facdor governing th<' pi I 
of the sap and wounding the cell may j)r()foiuidly alt(M* th<‘ carbon 
dioxide (‘-ontent (cp. dhapters XIV, XVII and LiumM, 1909); 
allowing the carbon dioxide of the sap t.o attain aji (‘(piilihrium 
with the air will certainly alter t-hat factor. 

Gioklhorn and Keller (1926, Tabelle4) api)li(xl fifteen 
different indicators and used the R. I. M. intre 2 )rctatiou in an 
investigation of Daphnia, 
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Tho UHual molihodH, involving the exprosHion of the Hap, 
Hocin to th(^ writer to have Homewhat the nanio significance as 
woiihl (h^terminatioUH of the pH of an average choniieal labora¬ 
tory by a proeoHH which involved m its first Htep the crushing 
and mixing of all thc^ recK^ptacloH and their contentH, Quite apart 
from th(^ iuevitabh^ interactions, the rewulting data, while more 
or 1(‘HH true as a kind of average, would furnish no very obvious 
<*.lu(‘H as <-o th(^ procesHcw inchuled in the normal activities of the 
laboratory. N<w<)rth<^less, many of those who use these methods 
work tluur data out to the second decimal j)lace and some oven 
(?laim a Hignifi(ian(‘.(‘ for variatiojis in the last figure of such data. 
It shoidd b<‘ (dear, from the fa<*.ts already known concerning the 
variai.ion of pH from tissue to tissue, i.hat the relative develo])- 
inent of the various tissues must he studied and taken into 
a<i(^ounti, before^ any reliance at all can be placed upon small 
varial.ions in the hydrion concentration of a mixed liquid derived 
from a heterog<meouH mass of tissues. 

3, THE R.I.M. INDICATORS 

Any indicator metluxl of determining liydrion eoncxmtration 
which (l<q)ends upon a finely deveIo])ed eolour-sense does not 
HtMuu t-o l)(‘ capable' of general aj)pIication, exeej)t in the hands 
of a traiiu'd colour specialist.. 

1'he Range liulieator Method described below') depeiuls u])()n 
th(' fact that in a two-colour indicator series one colour is what 
may Ix' calk'd a dominant.. Thus red or blue is dominant, over 
t.h(‘ yc'llows give'll by mewt of the'se indicators, i. e. on dilution or 
thinning of the laye'r vi(*W('d, wiihe)ut any e^hange in pH, the' 
pink or orange' or gre'cn tints ivtaiii the ivel or blue ele^mc'nt e>f 
the tint more exiiispieuously than the yellow ('Icment. TluNKitiial 
tint, may t.he'orcst ieially an<l to the traine'd exdour sjx'e!ia.liHt. re^main 
the^ same, hut ihe^ apparent tint e)f rexl elilutc'd he'conu's pink, 
])ink (lilute'el Ix'Cionie^H pah'-r pink, orange elilutexl hex‘.om('s doubtful 
where'as pinkisli orange' he'ex)mt\s pink, and similarly with blue 
te) pale blue, gree'ii to pak'. given, yellowish green to given; whereias 
ye'llow eliluteel bevome's apparently e.e)k)urleHH at a miieh earlie'i* 
stage of dilution eir thinning. 

1) S('(' Sm \ll 192(k also Rkv and Smali. I02(i —27, Mvktin 1929—27. 
l.N(joLi) and Kmall 1928. 
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In the range of tints given by any one of llie indii^aiors uh(mI 
there is a point where the yellow is definitely yellow and another 
where the colour becomes definitely doniinutod by the otluT 
clement, cither red or blue, i. e. the diehroniati(< tint b(*eo!m»s 
definitely pink or green. Between these points is usually a range* 
of 0*4 in the i)H; and it is this ])art of the range and this part 
only which we use to obtain our results. The “(^apillator*^ eolours 
give some idea of tlie range* to be used, but tiu* iiKlieators th(*r(* 
are ({oneentrated. 

The following table shows the sehemci used with giv<‘n iiidi- 
eators, and the in<‘tlio<l has been exteiul(*d oeeasionally to otluT 
indicators. 


Table I 


Indicator 

1 Ab- 
brtn. 

Aik. (.\)]oiir 
Range' 

I.H 

Aeid. ('(dour 
Han^e 

pii 

Firomo-creaol purple. . 

n(v 

pale bliK' to 
d(*<*]) purf>le 

> (('2 

y<*llo\v 

. tmf 

‘ 5-0 

I)i-cthyl rod. 

DEB 

y(*llow 

‘'5-0 

pule pink to 

fed 





(le(‘p n*<l 


Methyl rod. 

MU 

yellow 

>5« 

pale j)ink to 

• ft‘2 

B *.ri/.(*nc-a 20 -a-naj)h- 



1 

deep red 


thvlaminc. 

BAN 

yellow 

•4-K 

pale piid< to 

4-4 





dei'ji red 


Bromo-c*r(‘H()l gr(*<‘n . . 

B(^(S 

paleareen to 
<l(M*p blue 

«.|‘l 

y<‘llo\v 

4-0 

Broiuo-plit*nol blue , . 

B1*B 

pnle^HM*!! to 
<Un'p blue 

4 0 

yellow 

■ :i4 

Extra Indicators 





Bromo-thymol blue . . 

BTB 

j^rwn to blue 

V 0*4 

yellow 

■ i\2 

J^honol red. 

Vli 

pink to re<l 

:.7-o 

yellow 

. e-s 


In considering this table it should be noted, firstly that, no 
degree of dilution will make yellow ap])(‘ar pink or gr<‘(*n, and 
secondly that the pale blues, gr(*(*ns or ])inks do not appear y<‘ll()w 
on dilution. Th<^ only ease when^ any difficulty has arisen in tlu* 
interpretation of the results is with BAN. il<*ro the yellow is 
not the same distiuctive colour as in the other s(*ries, but. with 
strict attention to the quality of the yellow as seen in t.lu* t<*Ht- 
tubo alkaline rang('» there has been no furtluT trouble in t.h<i 
classification of tlm eolours found. Jiromo-thymol bha* lias be<*n 








THE RANGE INDICATOR METHOD 


47 


found very useful and may replace BCP with advantaj^o with 
some materials. 


3. TECHNIQUE 

Fland sections of fresh material arc cut of such thickness that 
the s(H*.tion always has the parenchymatous layer in some part 
just on(5 coll thick. These sections are carefully washed with 
neutral water or fresh conductivity water to remove the liberated 
contents of broken cells. This neutral water is prepared by nearly 
filling a bottle or washing flask with freshly distilled water which 
has invariably been foupd to be acid to ])henol red; introducing 
a f(‘w drops of that iiidicator which has its point of least colour 
at pH 7; and then adding enough of the normally slightly alkaline 
tap water of Ik^lfast, until when mixed the wat(U' is practically 
colourless. A distinct although very pale yellow tint is coiTeet(‘d 
by the addition of more taj) water, while a distinct pale pink tint 
is corrected by th<% admixture of more distilled water. The ])resence 
of the minute ((uantity of phenol red <loes not interfere in any 
way with subseqiuMit operations, and in the bottle it a(*ts as a 
constant (dieek on the continued neutrality of tlu^ washing water. 
Th(‘ latter is a veuy n(‘(?(\ssary precaution as will be seen later. 

^rhree wasluvl H<‘etions from the same part of tlu* f)lant an* 
th(*n plae(*(l in each watch-glass of a<pi(M)us (or (Jilutvd^ alcoholic) 
indicator solution, left for 30 to 00 minutes®) or longer, washed 
again with ii<*utral water, examined und(T the mita’os(*oj>e, and 
th(* (‘olours are th(*n recorded, (^mtrol sections in ea(di case* are 
us(*d t.o ch<M*I< th(^ natural colouration which may int(‘rtVre with 
th(* t.<*st.s, csp(»cially in tin* cpid<Tmis. I'lu* natural colour is sonu*- 
tinl<‘s pink or red and tiu* results witli Mil and DKll an* Ihen*- 
fore siibj<*ct to sj)<*(ual interpretation. 

By carefully c<)utr<)ll(*d experiin(*nt it has l)e(*n found that 
although the colour with indicators d(ep(*ns during tiu* niglit it 
s(^l<lom <dia.iig<*s from y(*llow t.o pink or grc(*n or vic(* v(‘r.sa. l'h<^ 
tint varies hut tlu* kind of colour usually remains the same, exc<*i)- 
tions have l)(*(*n found to this in the sunflower and the potato. 
'FIk* indicator solutions used are those ])repared hy the British 
Drug Houses as n^ady for use, aiul the usefulness of our method 

1) Sco holow p. 53 for the importance of this dilution. 

2) Immediate cxamiiiatioii is advisabh' us a cheek, see below p. 54. 



48 


CHAPTER vrri 


is confirmed by the fact that after an exp<^rion(<c of four yt^arn wo 
were able to detect alkali coining from tlu^ bottlon in one bai.(^h 
of solutions. The solutions were afterwards obtained in aintx^r 
glass bottles which do not yiehl alkali to tlu* solulions. '’IIk* 
composition of these indicator solutions is giv(*n as follows * 


Bromo-thymol blue.BTB 0*<M % mono Na salt- in 

!20 % ahxdiol 

Bromo-cresol ])uri)le .... B(^P OdM % mono Na salt in 

20 % ahtobol 

I)i-ethyl red.DKIt 0*02 % in 00 % al<*ohol 

Methyl rod.MR 0*02% in 00% alcohol 

Benzene az()-«-naj)hihylamine BAN 0*01 % bydroehlori<l(‘ in 

20 % ahiohol 

Bromo-cresol green.B(U1 0*t)4 % mono Na salt in 

20 % alcohol 

Bromo-))henol blue.BPB 0*04 mono Na salt in 

20 % alcohol. 


Allthose, except BAN, can also beobtained in a([u<‘oiis solution. 

It will be noted that the indicators in alcoholic sohition. 
By carefully controlled experiments with a(ju(‘ous solutions inad(‘ 
up from dry B. I). H. indicators Miss S. H. Martin was able to 
demonstrate conclusively that there was usually no <liff(‘r(‘nce 
between the kind of colour given by sertions with tin* (iilnt(‘d 
standard solutions*) and that given with fn^sh a((U(‘ous solutions 
of the same indicators. A(jue<)us methyl n^l (B. 1). II.) UH(‘d for 
some time gave no difforenee in the colour but. gav(' pah*r tints 
of the same kind of colour. Acjueous di(‘t.hyl re<l may giv(‘ mon* 
brilliant colours than the alcoholic*, solution. 

In some cases the indicator was taken up by tlu* e(*lls to such 
a small extent that certain tissues ap])car<^d (*()l()url(*sH. In many 
such experiments the sections were niounU‘d in a hanging drop 
in a gas chamber and when carbon dioxide* was jiassexl through 
the chamber arcddisli tint with methyl red or di-(*thyl nxl r(‘sult<‘d, 
showing that the yellow of the alkaline range of th<*se two indi¬ 
cators when very dilute may appear colourl(*sH in t.h<* s(*etions 
under the microscope. Red being a more dominant colour 
shows uj) when the ])H is changeel to th(^ acid raiigi* of th<* 
indicator. Similar experiments with the yellow of the* ae^iel range* 

1) Kor the e^ffeet of alcohol set* bedow, w^ction 4. 
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of bromo-cresol purple gave similar results with ammonia vapour 
or, when the pH appeared to be about 6‘9, with carbon dioxide; 
at the latter point neither yellow nor purple is very distinct. 

The indicators given above enable us to distinguish the 


following ranges of reaction or 

pH. 





Symbols 


Colours and Indicators 

pH Range 

for pH 
Ranges 

Notes 

blue to purple BOP. 

>6-2 

A 


yellow BOP, yellow DER .... 
yellow BOP, indefinite DER, yellow 

<5*9 >5-9 

a 

approx. 5*9^) 

MR. 

<r)-« >5 0 

b 


red DER, yellow MR. 

red DER, indefinite MR, yellow 

<5-9 >r)() 


approx. 5’0 

HAN. 

<r)d) >4-8 

d 


red MR, yellow BAN. 

rod MR, indet BAN, green to blue 

<6-2 >4-8 

0 


BOG . . . 

<5-2 .>4-4 

f 


red BAN, green BOO. 

red BAN, indet BOO, green to blue 

<4-4 >4*4 


approx. 4*4 

BPB. 

<4*4 >40 

h 


yellow BOO, green to blue BPB. 

<4-0 >4-0 

i 

approx. 4*0 

yellow BPB. 

Wider Ranges 

Indefinite 


k 


y<‘llow BO]^ green to blue BPB. 

<5*8 >4-0 

X 

— (a — h) 

r<‘d DER, green to blue BPB , . 
Aeid rang<* of first series 

<rry’(\ %4-() 

Y 

■ (‘1 -I>) 

r(‘d Mli, gre<‘n to bhu‘ BPB , . 

IliglKU* Rangi's 

y<‘llow BTB, irnlet B(d\ yellow 

r)-2 4 0 

A 

(o -h) 

DER.. 

< ()-2 > 5*9 

B 

lower than 
th<* indet. 
nuige A 

yellow BTB, blue to purple BOP 
yellow PR, indet BTB, blue to 

<(>•2 >()-2 

C 

a])prox. 0*2 

purple BOP. 

<0-8 >C-2 

D 


yellow PR, green to blue liTB . 

< d-8 > (r4 

E 



1) Tlio yellow with BOP is atroiigor than tlio indefinite purph^ about 
00 —5-8. 

Ppotoplasma-Monographien II: Small 
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These symbols have been used throughout the aualyw^s of 
the reactions of tissues as it is mucli easier to follow in this way 
the changes in reaction of the various tissues and from tissue to 
tissue in a section. 

Tt should bo noted that in addition to tlu^ indicfators d<*t(u*- 
mining each range there are others; the (u)lours given by ihese 
others act as an additional cheek on th(‘ valiums obi allied for llu* 
bj^drion concentration. 

The ranges indicated by X and Y are taken as too wid<‘ to 
bo useful and have be(ui eliininate<l from tin* ret^ords of results 
whieli follow in Part HI. Such ranges o(‘eur in praeiicjo b(H*aus(» 
BAN and BCCJ were not us(‘d at. first, and also b(*<»ause whmi 
used later they ami also other indicators sonietinu^s failed to giv<» 
a definite colouration. 

The colour n^sulting from each exp(^riment in (^aeh tisHU(‘ is 
noted and from these colours the |>H range' c^an n^adily be* 
determined and translatcnl into a k'dger as om’i or other of the 
symbols (letters). 

From the above account it will be seen that, wdum a. eledinite* 
kind of colour rather than a tint is taken, the r('sult.N with fn'sh 
sections and a series of indicators can bo quit.e definite and pn^eise' 
within the limits imposed by the use of ramjva of pH rat heu* than 
guesses at more exact figures. The use', of a series of indicators 
in this way may reduce the wklth of the rang(* indicated, g./; or 
5*9 — 5-(), or it may bring the range within narrower liinits, 
0. g. r or 5d) — 5*6. The other indicators employed in <‘ach cas<‘ 
not only chock higher or lower ranges, but may also diff(u'<‘ntial<‘ 
other tissues of the same section within similar narrow* limits. 

The Range Indicator Method (R. I.M.) as described above, 
compared with most other methods of using indi<^at.orH for tin* 
determination of the hydrogen ion coneentrat.ion, difh'rs from 
these in the elimination of the central ])ortion of lh<' .so-(^alI<*d 
“useful range” of each indicator. The esscmthil f<‘atun‘H of tin* 
R. r. M. are (1) the use of indicators only when t hey show d<*finit<‘ 
colours, i, e. rod, yellow, green, or blue, and (2) t.h<* (elimination 
of intermediate tints such as orange, pinkish orangi', yellowish 
green, etc. This procedure results in the detominaiiou of rangers 
within which lie the actual concentrations of hydrogen ions. 
These determinations when used for plant tissues have a com¬ 
fortable certainty which is lacking in the data suj)plu'd by “tint” 
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methods; and the use of a series-of overlapping indicators results 
in a reduction of the range of pH indicated to something closely 
approaching that obtained by most ‘‘tint” methods. 

The R. I. M. has been applied, with results which are nearly 
always consistent, in an extensive investigation of pH conditions 
in ])lant tissues, see Part HI of this volume. Nevertheless the 
differentiations obtained later in the investigation were felt to 
bo not quite so detailed as seemed probable. This matter was 
brought into prominence when C. T. Ingoli) made some prelimi¬ 
nary observations upon a coenocytic fungus, and found that the 
liypliao apparently took the colour of the circumambient fluid. 
A high degree of j)ermeability schemed to be indicated; diffusion 
was a matter of minutes. A possible cause for this phenomenon 
was suggested by the alcoholic medium used in thc^ standard 
B. D. JH. indicator solutions. The following sections^) deal with 
experiments concerning these alcoholic media and emphasis is 
laid upon certain points of technique in consequence of the facts 
observed. 

4, THE EFFECTS OFETIIYI.ALCOnOL ON PLANT TISSUES 

A. DIFFUSION OF ANTllOCYAN 

Th(^ esciape of the red pigment from th(j (^clls of beetroot is 
often taken as an indication of death. Using this escajx' of tlie 
rod anthocyaii as an indicator of death tlie time*! for death to 
tak<^ place in various concentrations of ahtohol was determined. 

I)is(‘.s of uniform thickness (2 mms. thick) wen* ])re|>arf*d 
from cylinders of l)(*<*troot iissu(* cut. out with a. cork bon*!*. These* 
discs w(*r(* th<*!i wash(‘(l in tap wat-<*r until the* water bathing 
th(*m no l(>ng<*r showed a j)iidvisii tinge*. 

An arbitrary e^ede)ur standarel was maele l)y boiling e)ne elise* 
in 20 ce*s. e)f water. A se*ries e)f speeiineii tubes we‘r(^ pre^j)ar(*el 
eaedi e.emtaining 20 ces. e)f aleoliol of varie)us strengths (0, 5, 10, 
15, 20, 25, 30 aiiel 50%). This series was maele in triplicate. Tliree 
e)f th(^ washeel discs wore then plae-enl in each tube. For each tube 
the time was taken from the moment of immersion of the elise*.s 
to the time when the solution in the tube became e^f the same*, 
depth of ce)le)ur as the standard. Tho results arc given below. 

1) Incsold and Small (11)28). 


4* 
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Strength of alcohol in 
volume per cent. 

0 

B 

10 


B 




Time (in minutes) I . 

over 1500 

353 

128 

75 

45 

30 

to reach standard H. 

over 1500 

34» 

100 

(10 

30 

20 

III. 

over 1500 


137 

72 

52 

27 

Average 

over 1500 

:i5i 

124 

1 

72 

45 

27 


J{. (.iKRlHlMTlON OF SKFDS 

The action of alcohol on the germination of needs was also 
fltudiod. Small muslin bags each containing 60 dry mustard 
seeds wore prepared. Five of these bags were immorsod in eacdi 
of a series of alcohols ranging from 5% to 60%. At intervals 
a bag was withdrawn from each strength. The seeds were washed 
in water for several hours to get rid of the alcohol. They wen^ 
then planted. The number that germinated ten days after sowing 
was recorded. The results are given below. 




Time of immersion in hours 




i/*hr 

1 hr 

2hrH 

4 hrs 

H hrs 

5% . . 

50 

47 

47 

47 

45 

h/l 

.S 

10% . . 

48 

50 

40 

45 

40 

19 

Alcohol 15% . . 

44 

48 

50 

47 

10 

& 

strength 20% . . 

40 

40 

47 

18 

0 

fin 

25% . . 

47 

40 

45 

0 

0 

m 

30% . . 

40 

40 

17 

0 

(( 

c*: 

50% . . 

50 

40 

48 

2 

0 

C* 


The figures give the number of seeds that gorminati^d, th(T<'- 
fore the percentage germination can be obtained by doubling ea(di. 


(I. PLASMOLYSIS OF KPIDKRWAL (IIILLS 
Strips of the lower epidermis of Broad Bean h^af \v(n’<‘ im¬ 
mersed in various concentrations of ethyl alcohol. Samplers \v(*n* 
withdrawn at intervals and tested in a hypertonic*, solulion of 
cane sugar for plasmolysis. They were then irrigated wit h vvat<*r 
to test for deplasmolysis. Where any cells of a strip (‘ould lx* 
plasmolysed and then cleplasmolyaed it was counted as living. 
Where there were no such cells the strip was <x)untied as dead. 
The results of a typical experiment are giv(*n below. 
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% Alcohol 1 

o 




16 

10 

5 

Time to kill (minutes) || 

<16 

<16 

<16 

<16 

46/70 

>360 

>360 


D. LOSS OF DIFFERENTIAL TURGIDITY IN TARAXACUM SCAPE 

This method of investigation depends on the fact that when 
a living portion of dandelion scape is split longitudinally by two 
outs at right angles to one another, the four free ends thus formed 
bond outwards, on account of the different tension between the 
epidermis and the tissue inside the epidermis. 

In this experiment a series of alcohol strengths were prepared. 
Ten portions of Taraxacum scape were placed in each. At inter¬ 
vals a portion was withdrawn and tested for tissue tension, plac¬ 
ing in water so that the colls might exert their full tension. 
Death was reckoned to have taken place when all ten ])ieces 
in a particular strength no longer showed the tissue tension 
aei.ion. The results of an experiment are given below. 


% Alcohol 

60 

30 


16 

Q| 

5 

Time for loss of diff. 
turgidity.... 

<: 16 
mins 

15/30 

mins 

120/190 

mins 

> 24 hrs 

>24 hrs 

>24br8 


E. CONiHATSlONS 

From th(*H(^ (^xperinuMits it appears that, in tlu* four (!as<^s 
considered, iinm(u*sion in 20% ethyl alcohol for four hours or 
more results in th(^ death of th<* ccdls. Tlu're is, however, a eon- 
sid(M’al)l(‘ difn'nMKMi in the effects of 16% alcohol and a. very 
larg<‘ differ(*ncc! in th<' <‘ff(M*t.s of J0% al(u)hol in (‘aeh ease. The 
k'thal |)eriod in th(* <\ns(i of beetroot. ris(^s from two hours in 20% 
ah^ohol to about six hours in 15% and to over twcuity-five liours 
in 10%. Similarly tlu^ percentage^ germination of mustard sccmIs 
after (ught hours immersion rises from zero in 20% alcohol to 
20 in 15% alcohol and to 80 in 10% alcohol. The lethal i)eriod 
f(;r epidermal (*.ells of broad bean leaf rises from less than 15 mi¬ 
nutes in 20% to about one hour in 16% and to over six hours 
in 10% alcohol. The lethal period of immersion as indicated by 
loss of differential turgidity in dandelion scape rises from half 
an hour in 30% alcohol to between two and three hours in 20% 
alcohol and to over 24 hours in 16 to 10% alcohol. 
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(lonHidering thoHO data, the original dilution of ih<^ wtan- 
dard indicator Holutions with an o(juaI volunio of dmtillcd wat<T 
clearly liad a much greater effect than waw coiwidcTed poHHiM<\ 
The use of the Htronger alcoholic Holutionn riiould be <ioinbin(‘d 
with immediate obKerva<'ion»s or tlu% uh(^ of a longer j)eriod of 
immersion should be combined with dilution of the alcoholic? 
strengths of the solutions used. 

The <|iiesti()n them aris<*s as to the extemt to whi(*h this demt-h 
of the cells in the stronger ahiohol solutions affect,s the hy<Irion 
concentration as indicated by the R, l.M. 

The many times r(^j)eatod k^sts luid showm that. t,lH*re \v(n*e 
IK) colour differences between alcoholic and a<(U(?ous imiicators, 
and that there were no colour differeiu^es Ix^twcen periods of 
immersion of one hour to twenty-four hours. Kxamination of 
the data given above shows that with the <^\e<‘ption of tin? Ixmn 
epidermis, the l<?thal pemiod of imiiKM’sion in 20% al<*ohol app(mrs 
to bo greater than one hour. It, tlKTofore, ap[)ears reasonably 
certain that the observations made quickly ans in most t?as('s, 
made upon living cells, while the later ol)servationH are mad(? 
upon dead cells. The comparative tests indic‘.ate that tlu*! later 
observations can as a rule be taken as giving the initial pH of 
the living colls when the R. I. M. is used. With ,,ti»il“ indiealor 
methods the results would be too e()mplieat.(‘(l by this fa<'lor 
to bo at all reliabk?. 

On the other hand there did s(HMn a possibility that diffusion 
of electrolytes following the death of th(' e(‘lls might, in sonu' 
cases result in a mixing of th(^ saps from various tissm's with a 
consequent loss of apparent difft^rentiation in the pH of th(‘S(» 
tissues. This possibility was, therefore, investigat,ed. 

6. DIFFUSION OF ELE< TROI.YTKS 

The action of ethyl alcohol in bringing about the diffusion 
of electrolytes from j)lant cells was studied using tlx* m(‘tho<I 
described by Stiles (15)17). In this method the outward diffusion 
of electrolytes is measured by <letermining the (decd-rieal con¬ 
ductivity of the solution in which the tissue is imnuu’scxl. 

The tissues examined were the young stem of broad h(?an 
(Vida faba) and of Pelargoniurn and the liypoeotyl of sunflower 
(HeliantMia annuus). 
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The Htcms were out into transverse sections 2*6 mm. thick. 
Those were then washed for half an hour in several changes of 
distilled water to remove the solutes from the cut cells. The 
sections wore then roughly dried between clean filter papers 
and placed in the solution. The solutions of alcohol were made 
up with conductivity water and absolute alcohol. Measurements 
of the conductivity of the solution containing the tissue were 
made at intervals with a Kohlrausoh apparatus. The tem¬ 
perature throughout each experiment was kept constant. The 
temperature from oxi)orimcnt to experiment varied between 
II** and 10** C. Tn the graphs the conductivity is given in ar¬ 
bitrary units and the values obtained arc not corrected for the 
presence of non-electrolytes. 

In order to deternune whetiier the final values obtained 
approximated to the total electrolytes in the tissue the following 
procedure w'as adopted. The tissue at the end of oacih exj)eriniont 
was boiled up in a few ccs. of the bathing fluid for 20 minut<^H 
and thoroughly crushed. The solution was then made uj) to its 
original volume with alcohol and water, bearing in mind that 
during the boiling all the alcohol is driven off. This j)roc(Mlur<^ 
gives a value whudi is probably too high on ac(*.(>unt of the colloids 
s(*t free during the boiling and crushing process, 

(Considering the restilts summarised in the graphs (figs. 4, 5, 
(}), it is (dear that the outward diffusion of electrolytes is rapid 
in 20% al(U)h<)l approaching com 3 )Iction within thrc'o hours in 
l-lu^ broad bean and sunflower. This is similar to the riwulis 
obtaiiK'd for |)otaio tuber by Stilks (1917). The sunflower and 
IxMiu chosen as sixHUt^s upon which th(‘ R. 1. M. had lx‘(u\ 

us(m1 <*.\t.(Misiv(*ly, iuxl the iiUMNst-igalion inehnUxl th(‘ st.<‘iti of 
P(dargoniimi as an examph* of the “acid typ(‘” distinguisluxl by 
lt<‘a and Small in their first surv(\v of st<‘m tissues (n)2()). It is, 
t.lier('fon% int-en'sting and noteworthy that Pelargonium st('m in 
20% alcohol d<)<‘s not show this rapid diffusion. When 10% 
al(X)lu)l was used the sunflowc’ir hypocotyl showcxl a h'ss rapid 
diffusion hut after ten hours imnuu’sion the diffusion had alivady 
rea(d)(xl a half way position, whereas in the bean stem the diffusion 
in 10% alcohol was at first possibly lower than that in water. 
Even after twenty four hours immersion in 10% alcohol the 
outward diffusion in the bean was vcTy little more than in Cion- 
ductivity water. The lower concentration of alcohol was not 
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used for Pelargonium stem in view of the result obtained with 
20 % alcohol. 

Those considerations lead to the conclusion that, in some 
(iascs at least, diffusion of electrolytes occurs with strongly alco¬ 
holic media. Such diffusion would probably not affect the indi¬ 
cations for lignified cell walls and for some cytoplasmic contents 
but, whore the observed pH concerns the sap or the diffusable 
electrolytes of the cytoplasm this diffusion might affect the 
results. This possibility was investigated particularly in the 
case of the sunflower hypocotyl. 

6. BEIIAVIOUR OF INDIOATOUS 

The diffusion of electrolytes was studied in slices of tissue 
2'5 mms. thick; the diffusion probably roaches its maximum more 
rapidly in the thinner sections used in the R.E.M. The conditions 
may bo considered thus. — In a thin section there are some thin- 
walled cells with relatively acid and relatively alkaline diffusable 
contents; if this section bo immersed in an indicator solution 
containing 20 % alcohol, outwanl diffusion of electrolytes will 
take place, if the tissue be of the type occurring in sunflower and 
bean. If diffusion be rapid the diffusable contents of theacidand 
of the alkaline cells will, after a time, become mixed with the indi¬ 
cator solution. When the section is observed after this intermixing 
has taken pla(*.(^ the difference between the hydrion concentrations 
of th<^ formerly a(‘.id and alkaline cells will have disappeared. It 
is cl(Nir, th(Tefo^(^ that a differentiation whi(*h was actually present 
may not Ix^ observed when this intermixing has taken place'. 

The* re'sult e)f the'se* ex)nsiele*rat.ie)nM has hee*n the elisex)very 
e>f a grouj) of pliysie)le)gie*ally eliffe*rentiat(‘ei e'e'lls in the* hyf)oce)tyI 
e)f the^ sunfle)we*r (Ifrlianth t(^s(unntu,s) e)j)i)e>site the vascular hunelle's. 
This group e)f e*.ells was ne)t eliff<*re'ntiate*el as a (‘onstant phene)me*non 
by Miss Martin in her survey e)f the sunfIe)weT tissue's. She^ 
recorels (102(), Table IV) the pcrmyclic region as h (0), that is 
pH 5*9 — 5*9 or in excei)tional cases of pH 5-2 — 4'8. 

As an extreme case, hut eine which is of special value in 
difforoiitiating these cells, di-ethyl red is taken. This is used in 
()0 % alcohol. The table shows the differentiation observoel in 
sections immersed for various perioels in the strongly alcoholic 
indicator. The colour of di-ethyl red at its neutral point is orange, 
but the rod form of the indicator is unstable in aqueous solutions, 
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Sunflower hypoeoivl of plant at 8tag(^ wli(‘r(‘ threes pairs of foliage 
leaves are expaiuhnl 
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hence the strong alcohol used in <.h(» standard solution. It. will 
1)0 noted that the only tissues wdiich change* in actual colour arc 
— (1) the above-mentioned groups of acid cedis, (2) t he* e»i)ide*rn)is, 
which was uniformly reee)r(le<l as vevy aeiel (i. e*. re^d with DKH 
by Mahtin) and (3) the sub-epielormis whiedi was fe)un(l by Martin 
( 1*927) to vary. 

The results of this investigation indicate that- wdie‘n indie*ate)r 
seilutions containing more than 10% aleeihol are* use'el without 
dilutiem with distilled water in e)bsorvations by the “Range* In¬ 
dicator Method”, outward eliffusion of elev'-treilyte's may le*ad to 
a mixing of diffusablo substances remotely ap])roaednng the e’on- 
elitions obtaining when expressed sa]) is used feir the elcte'rminatieui 
of the pH of plant juices. 

Further, since the sections ce)ntaining a relal.iv(*ly small 
quantity of electrolytes are immorseel in a re'latively large* ejuanl.ity 
of indicator solution, there may not bo enough plant juice te) cdiange 
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the colour of the indicator solution. As it has boon shown (soo 
Clhap. XIX), that plant juices are in some oases only very slightly 
buffered, the colour observed after immersion in indicator solutions 
containing 20 % alcohol may depend mainly on the colour of the 
circumambient indicator fluid. This appeared to bo the case 
in the (sortex and pith of the broad bean and may bo responsible 
for a certain lack of differentiation which is apparent in some of 
the later records of stems and loaves throughout the year. It 
must bo remembered, however, that the results contain many 
instances of a differentation between thin walled cells of the cortex 
and those of the pith, both in the broad l)ean and in many other 
jdants. Nevertheless, since the “Range Indicator Method” 
(Miabh^s us to obtain only an approximation to the hydrogen-ion 
c.oncentration of the tissues, anything which enables us eil-her 
to approximate more closely to the actual ])H or to differentiates 
i.he tissues to a greater extent should naturally be inchideid in th(^ 
i.ee.hni(|ue of the method. We therefore put forward the following 
precautions and modifications which are now being used in this 
laboratory. 


7. SPK< lAL PRE( Ali rrONS 

As a n'sult of tlu'se investigations (1925—192S), atul of llu^ 
demonstration by Martin that the juic^es of plants may l>(^ only 
very slightly huffere<I, the following points in the technique of 
the R.I.M, are emphasised — 

1. I'he use of standard alcoholic indicators only aft(T dilution 
with pun‘ distilled water to bring the alcoholic content, to or 
below 10 ‘Jo*, 

2. I'Ik* us(* of sjX'cially pr(q)a.r(Ml alcoholic indi(‘at.ors con¬ 
taining 10% or l<‘ss of alcohol, 

2. 'rh(* use. wh(M’(^ ])ossible of a(|U(‘ous indicators, 

‘I. The reduction of the period of imnuTsion to a minim inn 
coiHistcnt with the obtaining of unequivocal colour indications; 
t.his period may be anything from one minut<‘ to twelve hours; 

5. The use of all indicators with the indictator brought as 
near as j)ossible to its neutral ])oint, so that even a slightly buffeivd 
plant fluid may be able to throw the indicator to one side* or thc^ 
other of the neutral j)oint. 

In view of the conditions within many jdant cells this fifth 
l)oint has been found to be of sj)ccial imi)ortanee. The indicator 
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solutionH, as kept for use in bottles fitted with should 

be corrected and maintained at the ])ropor neutral point by tin’s 
judicious use of N/20 solutions of sodium hydroxide and hydro¬ 
chloric acid. Any extensive addition, even of sodium c*.hlorid<s 
may introduce a serious ‘Wt error”, but in jmictiee it is found 
to be a matter of one or two drops of cither a(ud or alkali in 20 ee.H. 
or more of indicator solution. 

An important detail consists of the use of fresh (iondue.tivity 
water in preparing the neutral water described in the original 
technique. This water should be used whcui not more than two 
days old. The ordinary ‘blow’ wash-bottle should not be used, 
since the carbon dioxulo of the breath acidifies the water <|uit.<'! 
considerably. 

The placing of a covorslip over the section may induce acidi¬ 
fication, SCO (SiaptorXIV under “The Kffe(d. of Ke(d.ioning”. 

Used with all duo precautions, and kcejdng in mind that the 
inherent experimental error of any indicator metho<J used on plant 
tissues is about i the R. T. M. has been found a valuabh* 
method for exploring the field and preparing the way for many 
detailed investigations. This will be obvious after a perusal of 
Partlir. 

The Range Indicator Metho<l is a practical process for the d<‘* 
torminationof thehydrionconcontrationof plant tissues, pcThaps 
with a lessor dogreo of apparent accuracy but with a greal.<‘r d(‘gn‘<^ 
of cortainiy than is possible with the many ot b<*r rm'thods whieli 
have boon reviewed in the previous chai)i(Ts. It is tni<‘ t-bat. what, 
is determined by this nudhod is th(^ range within whi(di tin* actual 
reaction lies, but it is also true that variations o(*(Ujr which bring 
the hydrion concentration out of one range and int-o anotluT. 'Flu* 
variations which ocemr uikUt natural conditions arts in fa<‘t, 
so large that for the i)ur})()He of a g(‘n(‘ral surv(‘y of t.h(‘ a<*lnal 
acidity of plant tissues the Range Iudi(iator M(‘iho<l is ^listiiudly 
advantageous. 

In view of another two suggested o})j(*(?tions to tlu' us(‘ of 
iiulicators in the determination of hydrion coikum drat ion w(' 


1) Many possible errors with the same material and ih<* hy<lr<)g<*n 
electrode, may bo of ten times this magnitude, ep. Taylok an<l Wiiitakku 
(1927) who give an average of pH f>’47, hut are in(‘lin(‘(l to n‘gur<i the 
higher value (pH 6*16) as the more reliable. 
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should like to point out the relation of the Range Indicator 
Method to these new suggestions. 

Reiss (1926 p. 68) points to the possibility of the rH (oxida¬ 
tion reduction potential) interfering with the indications of the 
pH as given by dyes; but, as the Needhams’ (1926 p. 291) point 
out, Nile blue and cresyl blue are affected by the rH of the system 
and “Since the former dyes command no general respect as pH 
indicators and are rarely used for that purpose, little trouble 
need be expected from this source.” 

The other point depends upon the relation of the protein 
isoelectric point to the pH of the medium and resulting adsorption 
of only one form of all dyos. If the adsorbing protein be in a 
medium which is more acid than the of the protein isolectric 
point, the protein should carry a positive charge and adsorb one 
form of the indicator dye; while if the pH of the medium be higher 
than the ])rotein isoelectric point the protein should bo electro¬ 
negative and adsorb the other form of the dye. 

Ill the first case the protein would appear to be acid with 
all the indicators used, and in the second it would a])pear to be 
alkaline with all the indicators used. It is clear tliai, if this theo¬ 
retical phenomenon occurred to any a])precial)Ie extent in our 
work, wo would get no results at all with the Range Indicator 
Method, oxcej)t the range A (above pH 6'2) and the range k 
(below pH 3*4), using our normal six indicators. In actual ])rac- 
ti(^e the usual result is an acid indication from the u])j)er indi- 
(‘.ators and an alkaline indication from the lower indicators, 
giving t.h(^ limited ranges which we have recorded. The range A, 
above pll ()-2, lias (x^ciurrcMl only in two casi's, lh(‘ (lalliis of the 
si(we-plat<‘H an<l t.h<‘ <'])i<lennal hairs (Martin, 1927). The latter, 
howev<u*, although th<\v gave a deej) blue with thymol blu<‘ indi¬ 
cating |)H/ 9, were colourless with phenol|)hthalcin indicating 
pH < 10. Again we got the series of alkaliiu* indications brokcMi. 
The former, callus, although blue with bromo-e.resol purple 
([)H > 6’2), gave no trace of blue with bromo-thymol blue in<li- 
<*.ating a reaction at any rate less than j)H 6’4. Jn this case also 
the series of alkaline indications was broken. As yet wo have not 
investigated the reaction of tissues below pH 3*4, so that in the 
more numerous cases where k (pH < 3'4) is recorded this objection 
might be uphold. It is significant, however, that tissues, usually 
lignifiecl cell walls, which are recorded as k always pass through 
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the h (pH 4*4—4*0) range in thoir development, whore ilus ^udd 
series is broken at its lower end by alkaline indleations (see 
Chap. XI). This problem awaits further investigation. 

The qtraclical result of a normally broken s(Ti(w, arranged as 
an upper series of acid indications and a lower s(Ti(^s of alkaline 
indications, seems to us the proper an<l (jomdusivt* reply to tli(‘se 
theoretical objections. Strangely assorted results would umloubt- 
edly be obtained if the rH affected one form of the dy(» ix\ oiut 
ease and the other form in other dyes, esyxKually with a s<‘ri(\s 
of indicators of varied cliemieal constitution siuth its we us<*, W<‘ 
do not get such assorted resultis, but two clear series with tlu* 
break indicating the pH range in a reasonable fashion. On tln^ 
other hand both objections may ap])ly to a (certain exU^nt wh(*r(‘ 
the indicator method involves a comparison of tinU as distinct 
from colours. 

8. THE R.I.M. AND OTHER METHODS 
The Range Indicator Method is definitely used, not to (l(»t(T- 
mine the exact pH, but to determine the range within which 
the exact pH must lie. The general experimental error of all 
indicator methods applied to this material^ plant colls and tissues, 
is ± 0*1 in pH units. The R.I.M. enables the pH to bo deter¬ 
mined as lying in a range which varies from 0*4 of a pH unit to 
aj)proximatoly (± 0*1) a definite figure on the j)H seah^. 

The use of the with all the various precautions out¬ 

lined above, in the determination of the pH of plant (‘(‘lIs and 
tissues avoids entirely the large general errors of ('Xjin'ssing mix<Ml 
saj) and either entirely or to a considerable d(‘gr(‘(‘ the following 
errors which have been noted in previous chapter’s for otluT 
methods — 

(a) Hydrogen Electrode Errors — due to (‘arhon (Iioxid(» dilution, 
reduction, oxygen, electrode poisoning, (‘tc,; 

(b) Quiuhydrono Electrode Errors — due to protirn, phosphat(' - 
glucose, tannin and carbon dioxide dilution; 

(c) Micro-Electrode Errors — due to the above, especially el<‘c- 
trodo poisoning, together with membrane format ion and otluT 
disturbances; 

(d) Comparator and Capillator Indicator Errors — • due to S(df- 
colour, dilute^ solutions, salts, ])roteins, lii)oi<lH, temp('rat.ur(‘, 
chemical changes, etc.; 
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(e) Errors of Other Indicator Methods — due to adsorption, 
tint-comparisons involving concentration or localisation of 
indicators, solubility of indicators, self-colour of cells, dis- 
Ijlacement of carbon dioxide, lipoids, dielectric constant, etc. 

There remains (1) the alcohol error, and (2) the toxicity of 
the indicator. (1) The first has been considered in detail and it 
would appear that alcohol in concentration below 10 % has not, 
as a rule, any violent action upon plant cells and tissues. The 
data given in the Table, p. 58, could be repeated with many 
species and, as there is very little colour change using DER in 
60% alcohol, it is reasonable to conclude that using 10% alco¬ 
holic or acpicous indicator solutions, determinations can be made 
of the p H of living cells provided that the toxicity error be avoided. 

(2) The toxicity of some indicators is known, but BTB, BOP, 
B()(}, MR and DER do not appear to be rapidly toxic to plant 
cells. Sections can be left in aqueous indicators for hours and 
!)ecome distinctly coloured long before any toxic effect can be 
<letectod by moans of the plasmolysis — dcplasmolysis tost. 

This has been obvious to us in many tissues and has boon 
<lefinitoly demonstrated by (1.T, Inoold for DER and MR (in the 
(epidermal colls of Vida faba, unpublished work), and by the 
writer in the cas(% of the potato. The plasmolytic test should bo 
used as a clu^ck in detailed work on particular tissues or cells, 
but considering the small differences obtained, it would liave boon 
a waste of time to sp(‘n(l hours on such testing in the course of 
th(‘ gcuKTal surv(\v which lias been carried out in this dojiartment. 
Fn fact, the oxti^nsivc* surv<\v work was possible only b(‘oausi» of 
till' ndativo insignificance of tlu^so two (‘rrors. 

\). R.l.M. ERROUS 

Tlu» results obtained using the R.l.M. arc liable to the follo¬ 
wing ciiTors — 

1. The determination of a pH range, rather than a j)oint, givi^s 
the same range to two or more tissues which may be really 
different in their actual pH, if the differences hajipon to lie 
within the range determined. This error is minimised, but 
not altogether avoided, by the use of more indicators; 

g. by the breaking up of the Z (5-2—4*0) range into the 
ranges e f g h i by the use of B.A.N. and B.C.CJ. 
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2. The use of indicatorH containing more than 10 % alciohol in 
the earlier observations may have resulted in a mixing of 
saps and a consequent loss of observed differentation within 
a given section. This is avoided by the iinprove<l tech¬ 
nique. 

3. The use of indicators, such as B.P.B. and B.A.N., which 
are more rapidly toxic than the oth(>rs us(h 1, may again 
have resulted in a mixing of th(‘ sa})s of kill(‘d cells with 
loss of differentiation within a given section of shun or 
oth(‘r [)art of the plant. 

Tluvse three a])i)ear to b(^ the only serious errors to whi(?h 
the as used here, is liable. They all result in a possible 

loss of observed differentiation. On the other hand, the r(H‘ords 
given in Part Til show quite considerable difhu’entiation, mort^ in 
fact than was observed by Rohdk using a plasmolysis t(ist. for 
diveness’ throughout, more in many cases than was olm(‘rv<^d by 
Atkins using tint coTn])arisons. 

WHERE DIFEERENTJATJON hS RECORDED IT MAY 
BE TAKEN AS REPRESENTING A TRUE DJEEEREN- 
TIATION, BUT WHERE NO DIFFERENTIATION IS RE(K)R- 
DED THE RECORDS MUST BE TAKEN AS LIABLE TO 
ONE OR ALL OF THE THREE R.LM. ERRORS AND, AS 
SUCH, SUBJE(rrTO REVISION AND CORRECTION AFTKR 
FURTHER 1 N VE ST 101 A Id ON. 



CHAPTER IX 

BUPFEll DETERMINATIOISS 

,,// yon can wemme. that of which you speak, and can express 
it by a> number, you know something of your subject ''; Lord Kelvin 
(cated by ('lark, H)2S p. 119). 

Substances which control or regulate the hydrion concen¬ 
tration, wlien acids or alkalies are added to solutions, are called 
buffers or moderators. Some substances regulate the hydrion con¬ 
centration by removing one of the active ions from the sphere 
of action by precipitation e. g. calcium carbonate; or by adsorp¬ 
tion e. g. (^harGoal, colloids; or by membrane action (ep. H()A(J- 
LANi) and Davis 1928, and also MacDoiujal and Moravek 1927). 

Theoretically equal gramme-ecpiivalent concentrations of all 
monovalent acid-salt or base-salt buffer systems exert the same 
degree of buffer action at the point of maximum })uffering, but 
this buffer action is exerted at different points on the pH scale. 
Strong acid-salt buffer systems act between pH I and pH 8; 
strong base-salt sysUuTis act Ix'tween })H 11 and ])H 14 (18*9); 
\v(aik-a(‘.id buff<u‘ systcuns rea(‘h their itiaxinnun bufftM* action at 
various points b(qvv(‘(‘n pH 8 awd ]>H 10, \vhil(‘ w(aik bas(‘-salt- 
syst-(uns raaich tluur maxinnun at various ])oints betwcHui [)H 7 
and pH 11. Amj)hoteric [)roteins and otheu* ampholyt(\s r(‘(iuir(‘ 
sp(Hual consideration. 

The important individual characteristics of a buffeu* systcmi 
are, therefore, the point on the ])H scale of the maximum buffer 
a(!ti()n and the concentration of tlu' bufhu*. The first characteristict 
is determined by the disvsociation constants, acidic Ka or basic Kb. 
The second characteristic may be (hdennined experinumtally in 
(Nich case. 

Ibiffer action is exjjlained in the standard works of hydrion 
(X)iu‘entraii()n, and here it is only n(R*<‘ssary to indicate oiu^ or 
l*r()t()|>hiHiHa-lVlou()gmj)lu<‘ii IJ: (Small 5 
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two salient points. Titration curves (figs. 7—8) are gonerally 
given to illustrate buffer action aiul we have the ecj nation 


I |A-1 

[HAl -[HI I KalHAf 

Since Ka iw a constant, wo have, in the riH<‘ of the pH [fi^. H (a) (d)J 
on the addition of alkali BOH, two factors <)})orating, firstly ilu‘ 
decrcaso in |H ‘ | through neutralisation by the OH’ ions of the 


. [A' I 

ad<ied alkali BOH, and socoiully an increase in the ratio ||^^l 
because of the formation of a salt B^A" which may dissoidate 



Fi# 4 . 7. Titration (^irve of a rnixtim^ of lOoc. N H(’l and 10 <•<*. 

acid with N NnOU (aftor Micii \ki.is). 


N acetic 


much more freely than docs the atnd HA itsidf. TIksscuioikI fa<’tor 
acids dissociated A" ions and reduc^cs the [HA 1 to thc^ sam<‘ (‘xtcmt. 

[A~l 

thus (lonbly increasing the ratio -—\ The relative* (*xt(*ni to 

[HAJ 

which these two factors act depends naturally uf)ou the* redative* 
(lissooations of the salt BA and the acid HA. If HA strongly 
dissociated as well as BA, then the* first- facd-or pr(Mloininat(‘s, as 
with strong acids [fig. S (<l)J, while if HA dissotdatess iniadi h‘ss 
then does BA, as with weak acids, the* sc^cond factor will pn*- 
dominate [fig. 8 (a)]. 

. The acition of this second factor in the l»uff(*ring r<*gion of 
weak acid-salt systems may be analysed thus — 

[H+]_[A-;| ^ fA-l Ka 
[HA] •[HAV inii 
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[A~l 

then, Ka being a constant, the ratio ~ governs the value 
1 [HA] 

of and the ])H. The increase in the pH is due mainly to 

the increase in the [A“] and decrease in [HA] as explained q,bove; 
but the rate of this increase in pH is governed by the rate of the 
[A“] 

change in the ratio p with the addition of alkali. The rate 
[HA] 


f3 


pH\ 



cc. Base 


Kijr. 8. Titration ('urv(*s of 100 cc. portioiiH O’l N H(’l and O'l N acetic 
acid with N NaOH (after Micii \m.is). 


of change^ varu^s with tlu' differeficr in the e<)n(‘<nitrati<)ns [A”! 
and [HA], and as a sim])le matter of arithmetic, Ka being a 
(‘onstant, this rate will reach a minimum when [A~| - |HA| and 
increase more or less rai)idly in either direction. If [A~l IJHA] 
then Ka [H • |, so that the increase in pH is at a minimum 
around the pH corresponding to Ka (i. e. i)Ka). This minimum 
increase in j)H can be translated into terms of buffer action as 
“maximum buffer ca])acity” which occurs at the ])H correspond 
ding to pKa, the exponential form of the dissociation con¬ 
stant. Ka. 
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Until recently (1922) only titration curves 7—8) wore 

considered and the drgrm of buffer action was refc’irn^d t-o as t.h<* 
slope of the curve. Naturally the measurenuuit of this sloja* 
presented diffituiltios and the degrcv of buff(T acdion was siddorn 
])ut into figures, with a resulting obscurity for anyone* who was 
not an expert cheniisi-. 'Fhe degree of huffc^r a(*.tion was tu<»asure(l 
in terms of ratios of t.he (U)nc<*ntrations in gni. inols. or gm. ions 
per litre. In 1922 however van Soykb published his elassie 
contribution to hufft^r action and now we can giv(^ numerical 
expression to these ])hen<miena, with a surprising incr(MtH(* in th<* 
clarity of our con<^<^ptions of what haj)])enH iu plant ccdls and 
tissues. 


BUFFER INDEX 

Van SLYKiis^a unit of buffer action may he d(*fined thus-- 
a solution has a buffer index of bO when the a(l<liti()n of one 



gramme-equivalent of strong acid or alkali shifts <lu* pi I of oik' 
litre of the solution through one unit. 

The buffer capacity or buffer index is <*xpr(*ss(‘(l as // a ml is 

equal to where dB is the grainni<‘-(‘(|uival(*nt c<mc(*ntnition 

par litra of added base and dpH is the change* in tiu* j)!! obs(*rv(*d 
wh(*n the ((uantity dB is added to llu* solution of which t.lu* l)uff<*r 
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index w being (leierinined. In actual ijractico the formula — 
becomes — 

gm. etiuiv. c one, baso (or aoid) aolii. added X voi base (or add) solii. added in litres 
p^£ ^ buffer soln. in litres. 

Oomparing acetic acid with hydrochloric acid, the maximum /? 
value for acetic acid is in the region of-pH 4*73, while for hydro¬ 
chloric acid it is very approximately in the region of jiH 1. 
Kcmcmbering that pH is the reciprocal of the log [H+|, those 
values are approximately in the ratio of -0000186: -1 = 1 : f)376. 
This means that, at their respectivo maximum buffering points, 
hydrochloric ac.id is approximately 5000 times stronger than 
acetic acid, c.p. fig. S. llie biological significance of this fact is 
(juite clear. The living cell cannot as a rule tolerate high degrees 



Kig. Jo. Ihiffor Index Curves of strong acid and strong base (aft(*r Roi/nioKi ) 


of acidity. The biiffiM- action of strong acids ceases below a nda- 
tjv(‘ly high concentration of hy<lrog(ui ions (pH 2—3, h(M‘ fig. 10) 
and this bnfb'r a.<*lion is, tlu'n'fon*, of eoinpiiratividy liltl(‘ iin- 
])ort.{iiie(' ill biology, 'riiat is why ‘biifbu's’ in biology ar<‘ most 
fre(|U(*iit.ly refern'd to as irvnk acid-salt- or irvak base-salt syslinns. 


MAXIMIIM lUlFFEK ACTION 

Tli(^ inatlieinat-ieal argument develo|)(Ml by van Slvkk (1022) 
is summarised bot-Ii in MiHi^owiTKifiR (1028) and (bAUK (102S), so 
t hat/ it is here sufficient to state the end jioint, namely ihat if a 

be the degree of dissociation, | -- 2-303 a (!--«) and thcTcfon* 


d a 


dpH 


vvht'n a --- 0-5. -■ 0*576, the maximum buffer index of a 

da 
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monovaloiit acid in gm.-oquivalonl. coiutciitration. 

Tn general, uaiug [BJ aa the gm.-(‘<jiiivalent of bane added and 
LSJ the total aoid (gin.-cquiv. eono.) 

dpH 

which iH at itn maxinniin when ()•/> ( . 0*570(81). 

Tiio maximum buffer index fi iK» thew^fon^, governed as to 
magnitude by the gm.-e(|uivaleni eoneentraiion [S]; for *1 niolal 
concentration ft * *057tb for *01 inolal ft - *0057(5 and so on. 
This itiaximum ft is further governed as to position on tlio pH seah* 
by Ka or its logarithmic form ])Ka, since [H*] --- Kauheurt -- 0*5 
(see Clark 1028 p. 17). 

BUIPBR INDEX CURVES 

With weak acids, where the salt clissoeiates nuu'h in(>r(» 
strongly than docs the aoid, a or the degree of (lisH<)(uation is 
almost the same a.s the extent of neutralisation; the aeid Ixdng 
regarded as the undissoeiated fraction and the salt as the disso¬ 
ciated fraction. In such eases a titration curve can be converted 
into a neutralisation curve as shown in fig. 9 (loft (‘.o-ordinates) 
and this can bo regraduated as a buffer index cuirve (fig. 9, right 
oo-ordinates), showing in the first graduation tho varialionof pH 
with base added and in the second the variaiion of ft with pH. 

Buffer Index curves are in this way readily <1 (mmv<*( 1 from 
titration curves, where the volume of buffer ^iolufiou, as \\<‘ll as 
the base or aeid added, is included in the data giv(*n. Many 
earlier workers have made it impossible for otlnu's to plot biifbu* 
index curves from the earlier form of titration curve by lu^gleeting 
to state the volume of buffer solution used. 

SIMPLE BUFFER SYSTEMS 

When only one monovalent systcuii is bufhu’ing it. is com¬ 
paratively easy to explain the whole action hy nutans of a l>uff<T 
index curve^). 

1) Tn apito of thia one finds at least one investigator (llrui)-K nhki k 

1928) who is capable of presenting curves as * * , using tin* symbols 

(IH 

in a new, quite empirical, sense, bceause it is more convenient and “just 
as useful for the purpose of tho present investigation”, apparently <‘ontent. 
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The titration curve is plotted carefully, the clB values arc^ 
read off for each unit or half unit of pH 3 to 4, 4 to 5 etc., and 
transferred to a neutralisation curve which can he graduated as 
such or as a buffer index curve by a simple calculation, as sliown 
above (p. 09). The maximum will be very approximately around 
the pH corresponding to the pKa of the aoid^). Then the buffer 

index at its maximum multiplied by 1*736 or will give an 

'57o 


approximation to the gm.-equivalent concentration of the buffering 
system present. 

If greater accuracy be desired it is necessary to plot tlie 
buffer index curve for smaller shifts in pH (*2 instead of 1*0); 
this gives a closer ap])roaeh to the true maximum, since the 
buffer index varies rapidly and with a simple system quite con¬ 
siderably even within the range of unit pH (see fig. S). This 
more accurate plotting may, however, be quite misleading when 
one is attempting an identification of the biiffer system, since tlic 
maximal values of (i become obscured in a mixture of systems 
unless they arc at least 0*5 of a pH unit apart. 


POLY-BASK! A^ID-SALT SYSTEMS 

Those are a little more com|)lex but the buffer action of j)hos- 
])hates has been shown (Martin, 1927, 1928; Inoolu 192i)) to be 
of spoeial importance in plant fdiysiology and this type of buffer 
system must be considered. 

As salts of a trivalent aeid, phosphates oecuir in thr(*e forms 
-* and KHaPO^. Tlie titration curve of plios- 

plioi’ie. acid witli KOll (fig. II) shows thrc(‘ regions in vvhicli 
])hosphai.es l)uff(M* and two regions when" buffer action is slight. 
There is first t lie r("gion (u) in which H^PO.! is clianging to KHgPO^ 
(pH 1*2—pH 3*5); then e-omes a zone (/;) where newly all tin*. 
ph<)s[)hate exists as IvHaP ()4 and small additions of alkali have 
a larger effect (pH 3*5—pH 5*0); a second buffering zone (c) occurs 


to he in isolation, and obscure if possible any comparison of tlie buffer 
indices which might have Ix'en obtained by her for the wh(‘at plant wit h 
those obtained by others for other plants or even the same plant. 

1) Acid buffers appear to h<- the eliief buffers in (>laiits; basic buffers 
with pKh seldom act below pH 7 except possibly in thcj ease of proteins 
and amino acids. 
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while KH 2 PO 4 iH boing chaiigocl by twhlod alkali into K 2 HP ()4 
(pH 5*6—pH7*S); a hoooikI scone of rapid ineivaHc of pH with 
Hiiiall additioiiH of alkali (rf) with nearly all tlic pho.sphat<s« m 
KaHPO^ (pH7’8—])H lO'^); finally there comoH a third buffering 
zone (e) whore the K 3 HP ()4 in being ehanged to (pH 

I)H 12). Of thcHc three buffering zonew (HCje fig. 12) the upper on<^ 
irt Hcldoin uKcd in laboratory ])raeti(?e, other buffers giving b(^tt<*r, 



II. 

-Titration (’urve of TjOco. M/IO 1131*04 with M/IO KOII. (iiioclifHMl 

after (Jlahk.) 

.Titration (!urve of (‘arhonie Aeid, (modified after Koi;im»M ). 

(thangc points of indicators on right. 

jiioro readily calculated effects; tin* lo\v(U’ buff(‘r zoik^ is also 
seldom used m vitro, but may bo of considerable iinp()rlaiu*e‘ in 
plants; the middle l)uffcr zone is the most, important', possibly 
one of the chief buffer phenomena in ordinary h(u*I)a<M*ous plants. 
The dissociation exponents pKa correHj)()nding t.o tlu^ thr<*(» forms 
of acid are approximately 2-11, 7*l() and n^spectivedy 

(Clabk 1928 p. 678). 
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Tn gonoral biology tlioro is probably no raoro important acid 
tliiui carbonic acid and the buffer action requires consideration, 
although many plant tissues appear to be below the zone of 
bicarbonate-carbonic acid buffering. The titration curve given, 
fig. 11 , shows a general similarity to the upper two-thirds of tho 
phosphoric acid curve. There is a lower buffering zone, whore 
H 2 CO 3 is being changed to bicarbonate (pH 5-6—pH 8*2) and 
this passes, with no definitely unbuffered zone, into the upper 
buffering zone Where bicarbonate becomes carbonate (fig. 11). 
The dissociation exponents, pKa, for the two stages, namely, 
0*33 and 10 * 22 , indicate the maximum buffer regions around 
pH 6*3 and pH 10 * 2 . lns])Cction of these and the second and 



Fig 12. Buffer Index (hirvc of O’l M phosphate buffer. 


third (H)nsiauts for ])h()s})hates shows that the degree of disso- 
eiation with 'HgPO.! "HP() 4 , HgCH)., and 'HCXbj is <‘ven smaller 
fhan that of aeeti(^ aeid (pK4*73), 

Th(‘ strengtii of l)iiff(‘r solutions, i.(‘. the huff(‘r capacity, 
I)uff(*r imh'x, or//, d('})ends upon the gm.-(’(piivalent eomentration 
of the buffering substances, on the pH of the solution and that, 
as usual, on tho temperature. Iusj)eetiou of the titration curv(‘s 
given in figs, 7 , S, II, will show that this buffering eaj)aeity 
varies with tin* slope of tho curve. Wlien the titration <‘urv(‘ is 
vortical, bufhu’ capacity if obviously at a minimum and it is at 
a maximum where the curve most nearly roaches the horizontal. 
This region of niaximum buffer action lies around the j)()int 
where the ratio of one member to the other mcinber of the buffer 
sysUnn, e. g. K 2 KPO 4 : KH 2 PO 4 , is 50:50, or taking acetic 
acid as an example where tho acid is just half neutralised. 
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The buffer value throughout the given nmall range of pH 
therefore, bo calculated in termn of the molecular c.oiujentration 
of the buffer provided that we know the ratio bc'tween a(tid and 
Halt, or primary or seooiuiary phoHphate at each end of that ranges 
Thin method m sometimoH convenient and was used by Martin 
(192(3, 1927) but, in plant physiology esjiecually, it is important 
that comparisons be posHiblo between one plant or stage's of a 
j)lant and another. The buffer capacity should, then*fore, be 
expressed quantitatively even in eases where the buffering sub¬ 
stances are unknown., Such a jirocedure may mak<s it iiossibh' 
to identify the unknown buffer system and in any ease it. always 
eliminates a number of buffers as being negligible in any part i¬ 
cular case. It is for these reasons that light-hearted inversions 
or variations of presentation, o. g, Hurd-Karrkh (192S), are to 
be avoided where it is at all possible. 

PROTEINS AS BUFFERS 

According to the new view (BjKuauM 1023) amino acids an<l 
proteins contain a zwitter-ion and ionise as acids or bases. Krom 
the hydrion concentration point of view proteins can bo ir(*at(»<l 
within limits as simple electrolytes. It should bo noted, however, 
that the zwitter-ion +NH 3 RCOO“ does not condmd. (4(*(!tri<^ (uirnuit 
an<l that the position of the amino groups in relation to th(‘ 
carboxylic groups has a marked effect on tiu' stnuiglh of tlu^ 
acidic characters, Bjicriium has also shown that th<‘ stnmgth 
of the amino acids is much greater than was j)n'viousIy sup|)os(Ml. 
The old acid dissociation (U)nstant. Ka, was about 10 "to 10 
(pK 8 to 10), whereas the true dissociation exiioiients an* 
2*20 for Icue.in, 2*01 for tyrosin, 2*08 for asparagin, (*tc. (s<‘<* 
Clark 1928 p. (>80). 

The corresponding basic dissociation expoiumts pKn an* for 
leucin 9*75, tyrosin 8*40 and aHjiaragiii 8*87. Tims aHj)aragin acts 
as an acid around pH 2*08 and as a base arouiul f)H 8*87. Sonu*- 
wherc between these two lies a point at which ac.i<lic and basic 
properties arc equal and nothing but zwitter-ions and luuitral 
molecules are present. The special pr()])ertieH of jirotcuns d<‘pcnd 
upon their largo molecules, colloidal condition witli strong ad¬ 
sorption capacity, strong imbibition (hydrophilic^ when disso¬ 
ciated), their amphoteric chemical behaviour and the varied 
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positioiiM on the pH scale of the isoelectric points (;f denatured 
proteins (cp. fig. 13). 

In the recent quantitative work on buffers it was a surprise 
at first to find that proteins as buffers were almost negligible in 
(expressed plant juices, but a consideration of the basis of the 
buffer capacity and the largo molecular weight of proteins and 
amino-acids makes the matter quite clear. The buffer capacity 
is an ionic phenomenon and, therefore, the buffer capacity for 
equal weight in volume solutions varies inversely as the gramme- 
oquivalent weights of the buffers. Taking phosphate as an 
example, H 3 PO 4 acts at each maximal point as a monovalent 



l)uffcr system or'H PO 4 or' 1 ^) 4 ); the molecular wciglit 

of HjjP 04 is 9S. Tlie molecular w(‘ight, (‘ven tli(‘ valencies, of 
proteins arc still subjects of dispute but the valency iw low, one 
to five, and the molecular weight is high. According to J^auli (U)22) 
albumin has a molecular weight somewhere between 1200 and 
10 , 000 , casein 1000 to 3000; and globulin 10,000, being bivalent 
with an equivalent weight of 5000. Then if a normal phos^diate 
buffer system (KH 2 P 04 ?=^K 2 HP 04 , acting as a monovalent buffer) 
has a buffer index of 0*576 at its maximum, OS gms. per litre 
would be the concentration of H 3 PO 4 ; while the concentration 
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of the fiflobuliii requirod for iho same niaxinniia l)uff(»r index 
would be 10,000 if it acted an ])lioHi)horie a<ud (!()<*« or l)<iiw<‘en 
10,000 and 5000 if it acta like Kome complex organic aci<lH, e. g. 
citric. Taking it at its loweat the ratio ia 5000 to 08; and theo- 
retically over 50 times the peremlaya coucfcntration of globuliii 
is required to give a buffer ca})acitY ecjual to that of ])hoHphat<‘, 
i. e. one i)or cent by weight of phosphate gives the same buff(‘r 
cajmeity as fifty per cent, by weight of globulin. 

Thin partially explains how it haj)penH that while 0*08% 
(or 0*1 molar) phosphate solution has a maximum buffer ind<»x 
of *0576,'the maximal buffer indexes for 1 % solutions of amino 
acids and proteins are much lower; e.g. casein and gelatin *00(5; 
albumin *004; asparagin *003(5; tuberin -OOS; gluten *002. Tlu^ 
l)h()sphato as a buffer system, of equal weight-in-volume <fon<i<*n- 
tration, is clearly from 9*(5 to 29 times stronger, weight for weight, 
then the amino-acid and proteins mentioned. Taking tin* (Mjui- 
valont weight of casein as 1000 ami ])hosphat(‘ as 9S ilu* ratio 
is 10*2 : 1 for weights, while the ratio is 1 : 9*(5 for th<' huffcM* 
indexes. The difference is easily covered by the exp(M*imental 
errors in the determinations of both ecpuvahmt w(dght of cas<‘in 
and the buffer index of a 1 % etisein solution. The agreenu'nt is, 
in fact, remarkably close and indicates that, in dilute* solutions 
of proteins adsorjitive buffering must be very slight- or a.llog(‘th(*r 
negligible. 

The above considerations make it el<‘ar tluit prot(‘ins may lx* 
relatively uniin])ortant buffering subslanc(*s in plant cell saj), 
or expressed juices, but in the cytoplasm where tlu* proportion 
of protein may rise to 20% or more the buffer capacity of this 
tyj)e of material is sure to bo of considerable importance*. 

DETERMINATION OP BUPPERS 

Standardisation in the ])resentation of th(*s(* coinph'.x plH*m» 
mena is extremely important, not only for comparison of n*sults 
obtained by different investigators or in diff(*rent. plants or in the* 
same plant at different stages, but also for th(* <*xtraetion from 
the data of the fullest information. This is the main reason why 
the inversion of the van Slykb formula by Hurd-Kakkkk is 
to be deprecated, but even within that author’s own presentation 
we can find a reason in expediency. She states (p. 142) “I'his 
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[^pH]. 


is more convenient than the ratio 


suggested by 


[ AB ] dpH 

VAN Slyke, since AB is always equal to one, and it is just as 
iiHoful for the x^urpose of the present investigation”. The making 
ni A B oq ual to the invariable addition of equal volumes of standard 
alkali of acid (N /20 NaOH in this case) is certainly not always 
possible and involves a departure from the general applicability 
of the original formula for ^ as well as from the original mathe¬ 
matical argument. Further the same author in the same paper 
on the very next page (p. 143) writes “Minimum buffer action 
occurs at a different ])oint on each curve in fig. 0, but is found, 
by reference to the corresponding pH values (fig. 5), to be always 
near pH A buffer index curve presented in the van Slyke 

manner would have given buffer indices as ordinates and pH as 
abscissae and there would have been no need to refer back to a 


])revious figure, since the curves would all have shown a dip 
downwards at a pH ranging from 7‘5 to 8*2. The same author 
(l). 145) miscpiotes Cohn, Okoss and Johnson (1910), attributing 
to them the statement that proteins largely determine the form 
of the ])otato tuber-juice titration curve between ])H 4%5 and 8*5; 
wher(‘as they really assert ([). 154) that this is the (*.ase outside 
that range, i.e. below pH 4*5 and above 8-5. The actual imj)()rtance 
of tuberiri buffering in the potato is considered in Chaj)t(‘rXlV 
of the i)resent monograph, but the above correction is made now 
in an attempt to prevent the mis-statement getting into tin* 
literature. 


As Hurd-Karkek is one of the v(u*y few plant idiysiologists 
to take any notice of th<' van Slyke buffer index formula, this 
criticism has Ix^en given somewhat in d(*tail. 

Exact work on buff(T action in j)lants has been rather 
scanty. Hempel(1917) contributed o\ir main knowledge of 
buff(‘ring in succulents whi(?h have, of course*, a special j)hysiology. 
Hoacjlani) and Davis (1923) comjiared titration curvets of cell 
sap and mixeel solutions of chloride, sid])hate and j)hosf)hate. 
Youden and Denny (1920) compared titration curves of ajiple 
sap and malic acid. Leitthardt (cited Huru-Kakkek) com- 
j)ared the. titration c.urve of Mese7nhryantlh€7mm and glutarnin. 
Other investigators, including Haas (1920), (Utstaeson (1924), 
(-LARK (1917) etc., have recorded buffer action in the form of 
titration ciirv(*s of plant juu^es but have given no reeumls of the 
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actual buffering BubstancoH (»oc alrto Nkwton 1923 for titration 
curves only). 

Martin (192(5, 1927), Incjold (1929) and ARMSTU()N<i (kc<» 
ChapterXTX) have recorded buffer values and have, like HMMewr., 
identified quantitatively as far as possible th<^ buff<*r systt^nis 
present in sunflower, bean, potato and fungi, thus ext<uiding 
HbmpidIj*h methods to mor<^ or less ordinary plants. 

The best procedure, in the opinion of i.h<^ wHUt and his 
colleagues, is to plot canrfully and record a titration curve upon 
a large scale and to (?onstruot a btiffer iiul ex <‘urve from that, 
using the VAN Hlykk formula according to the details given on 
p. (59 above. The dB can then be taken for pH as unity or as 0*5 
or 0*2 according to the degree of accuracy desirc'd. It is b<dt(»r 
for actual identification of buffers to take dB [km* O-o change^ 
of pH, because the characteristic maximal j)()ints of buffer act ion 
are obscured if these points are less than 0*5 ])H apart and loo 
great a degree of accuracy in the fi curv<^ may giv(» a wrong im¬ 
pression in the search for the buffering substances. By not ing 
the position of the maxima of the (i curve with relation to iho pll 
scale, it is comparatively etisy to fix upon possihh^ huff(Ting sub¬ 
stances in a mixed plant sap. Further, siiujc t.h(» 7tiaju7fni7tt buff<'r 
index varies directly as the concentration of th(‘ buff<T syst<un, 
the p curve of a plant juice may indicait* not- only t.h(‘ uatun* of 
the buffer but also the concentration of that b\iff('r (s<‘(‘ ('haps. 
XTT—XIV and XIX). The buffer action of mixc<l buffers Ixdng, 
comjdetcly and clearly a<l<litivc*), it is possible by actual <juan- 
titative analysis to resolve the buffer index of a sap in any parti¬ 
cular range into those of the constitiuuit huff(»r systiuns acting 
in that range (see (>ollyhia 77elniipes in ('lui}). XIX). 

The possible buffer-systems haviiig b(‘(‘n indiratvd by tin* // 
curve, quantitative analysis should b(‘ used wh<u*(» ixwsibk* in 
order to confirm or confute the suggestions of 1h<» cu^v<^ For 
exam])le, if the maximum P he fouiul betwcxui pH 9 and pH 7, 
phosphates and the bicarhonate-ea^boni(^ acid systc^m ar(» possihlf* 
buffer systems, but if the curve does not show a dip hcd wcMUi j)!! 5 
and 6 the probability is either a jdain phosphate systtun or th<‘ 
presence of an additional system with a maxinnun at. a 1 ow<m* 
point on the pH scale, the bicarbonate-carbonic acud systx^m Ixung 


1) Ingolu unpublished work, aii<l (lliap. XIV. 
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rendered less probable. Such a point can be settled only by 
quantitative estimation of the phosphate present. If the quantity 
found be sufficient to account for all the buffer index between 
pH 6 and pH 7 the other system is eliminated. The same proce¬ 
dure applies to organic acids which occur more or less in groups, 
each group having the maximal buffer indices within a definite 
pH zone e. g. pH 4—5, and pH 3—4. Quantitative analysis should 
he used in order to identify the acid and to check the indications 
of the /? curve (see Chapter XIX). 

At the same time, if investigators do no more than record 
tlic buffer index curve they make a clear contribution to our 
knowledge, and they make subsequent com})arisons and investi¬ 
gations so miudi the ('asier. 



PART in 

RESULTS 

OHAPTKR X 

OENEIUL SURVEY OF TISSUE REACTIONS 

In (‘.onHidoring the data available ii. may be eonvimkmt to 
(daHHify them under the following heads. — 1. Natural IndieatorH; 
2. Juiees of })artH; 3. McTwtemH; 4. Reacd-ions asHociak^d with 
Tropisms; 5. Stomata; h. TiBSues in general. 

1. NATURAL INDICATORS 

Extracts of various plants and animals have Ixnm uscxl as 
indicators ?>n)i^ro,e.g.litmus, orchil, cochineal, turmeric, alkannin, 
logwo(xl, red wine, mimosa flower extra(d, etc. (h<‘(‘ (h.AUK 192S 
p.Sb), but we are here concerned rather with th(\s(‘ and otlau’s 
as indicators in vivo. 

Peiah. — Schwarz (1892) and Willstattwr (1914) obscu’vcMl 
that thoanthocyansof flowers acted as natural indicuit.ors (h(M‘ p. 39) 
WlIXSTATTRR^s (lata are ])H 5-5 for rose jxdals and pH 7*2 for 
(‘-ornflower corolla. Haas (1919) used antho(‘yans as natural indi¬ 
cators and records the following f)H vahu^s — Vloia Irirolor 4, 
V.odorata 5, Primula chinevsin 9—7, P. obconica iS, 1/t/arivth n<^ 
blue 4*5, ditto red 7, aSV/Z/u 4*5, (^irhorinm iniyhuH 3, Pvlaryotiivm S, 
Bro}mlli(t speciosa 9. 

Jacobs (1922) used Rhodoch'udron blossom in an invt'sii- 
gation and records a natural indicator which is nxl, as in tlu' 
flower, below ])H 7-() and changes to violet or blu(‘ at }>H K*0 
and above. Atkins (1922) records })lants of If i/dravgva as })it\k 
or blue on soils of various reactions, usually pink wlum tlu‘ soil 
pH was above 7*5 and blue when it was (>•() or r)’7r) but with both 
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colours at 5*9, 6*2 and 7-3. Atkins, however, found that the 
anthocyan in this case was not an indicator and that the expressed 
sap of the petals of both colours (by a drop comparison method) 
was of pH 4*0— 4-2. He concluded from further work that the 
})liie colour is due to iron but “It is possible, however, that the 
aluminium, as well as the iron, may form a blue complex with 
the anthocyanin, which is pink in the absence of excess of these 
salts’’. 

Smith (1923) used petals of Ipomm Learii and records the 
anthocyan as red in the bud (pH 6), blue when opening (pH 7*8) 
and rod again when fading (pH 8). Water saturated with carbon 
dioxide was found to change the virago from blue to red in a 
reversible fashion, although “strong” acids (pH 5) were without 
influence on the tint. Mbvius (1924) and others have also used 
natural indicators for investigations on effects of external con¬ 
ditions. 

Indicator anthocyans doubtless occur in many other petals. 
It is amusing, for examido, to exhibit the field scabious, ticahiosa 
arvensis, to one’s friends as a pinkish lilac blossom and then to 
turn it bright green by fumigating it with alkaline tobacco smoke! 
Th(^ observations made by Atkins, however, shoidd make it clear 
that red-blue anthocyans are. not always indicators. 

Nectaries — McClendon (1914) observed a natural indicator 
in the nectar glands of Vida faba, which showed red-acid, bbu*- 
aIkalin(^ and gave rise to colour changes during the functional 
activities of the glands. The actual reaction is not given. 

Oiher Plant Parts — Walhum (1913) us(‘d an (‘xtraet of n^l 
eabbag(‘. Met' lenDON (19N) also iiot.<‘s that th(‘ n‘d cabbage^ 
(Prasfiica oteravva war. at pita fa f. ntimt) contains a natural indi¬ 
cator. Haas (I9M)) re'cords reel cabbage leaves as pH t) -7, radish 
root as pH 2—3, and r(‘(I be(d.-root pH 3. (hioziKK (I91<)) found 
that, tlu' hmI b(‘rri(\s of Lantana involacrata hav<‘ an indicator 
with a. gr(‘en to yellow virago above pH (it), that the berries of 
Opitntia show a natural virag(‘ indicating ])H 9, while the fruits 
of Pandia acutvala show green above ])H 8-5 and red'below that 
HNiction. S(mLKV (1913) used a natural indicator in Vida faba, 
and the writer has observed the acid-green, alkaline-l)rown 
indic^ator of the bean seed, also the aci<I-colorless, alkaline-yellow 
indicator of the maize. 

ProtopIiiHiim-Mono^mpUioii II: Small (i 
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2. JIIIIOES OF PliANT OROANS 
The boginningH of our knowledge of tluH Hubjectt ar<‘ loHt in 
antiquity, beyond the origin of the proverb “Th<‘ fatlu^rn hav(^ 
oaten Hour grapoH, and the ehildren’H teei.h an* Het on <*<lg<*’\ 
which proverb wuh old in HzekiePH time (IS'2). Hkynm (1815) 
recordrt that the IctaveH of Bryophylhm calycimmi are '"acid aw 
HoiTol in the morning but lont tlieir Hour tante uh the day wore 
on”. Link (1820) (confirmed the jdienomenon, iwing litmuH 
paper. Kraus (1882) found similar effects. Tlu* matt<T of mur 
taste haw l)een correlatc^d with hydrioiK^omumtrationby H-kuiaros 
(1808), Kastlm (1808), Kahlknbkr(j (1000), Paul (1015- 1010), 
Harvry (1020) and HAMrsHiKB (1021). (jIustarson has recently 
(1024—1025) re-oxamined the diurnal c.hangeH of Hryophylhw, 
using the exprcHScd centrifuged juice of the young |)artH ami finds 
(1025) x)H 3*75 in the morning passing to pH 5*3 in tin* <*v<*ning. 
HTBMrEL (1017), Ulkhla (1027—1028), and others have investi¬ 
gated succulents in some detail (see (^haptc'i-sXI and XV), 

The observations of the reaction of normal f)laid.s b<*gin lat(*r 
than that of those acid suooulcnts^). (Saudiohaiu) (1848) n()l('<l 
that, using ‘les papiors chimiques’ all the fluids, raw sap and food 
solutions, of the plant were usually acid. 8 a(UIS (1802) also found 
that the sap of most plant cells is acid or sour, Waonkr (1010) 
drew the juice from the chlorenchyrna of l(^av(*s by m<‘anH of a 
fine glass pipette and used a microc?olorim(‘tric m<*thod with 
lakmosol as an indicator. He records for the l<*af juic(* of Binapis 
alba pH. 5*5, Brassica oleifera pH 5-05, Bvmpnvivmn Hauswatnni 
pH 5-4, Solanum tuberosum pH 5*8, with pH 5*0 for the t iilx*!* 
juice of the potato. Wa(JNRR also infected the first two with 
Pseudomonas campestris, the Bempervivum viiih Bacillus vulgaius 
and the potato with Bacillus phytophthoruH, and obHerv(*<l an 
•initial rise of about 0-1 in pH followed by a d(*ereaHe in ])H of 
0-2 to 0*6 units. If the plants recovered, the pH rct-urm'd to 
normal, while if it succtimbed there was another ris(* in pH during 
several days, ending in an abrupt fall wh(*n tin* l.issm* died. 11 akvkv 
(1020) found a similar rise in Bichius covmunus and a larg(*r ris(* 
in Beta vulgaris infected with Bacillus tumofacicus (He(* p. 88). 

Hurd (1924) found in wheat that ‘‘inf<*<^tion by inild(*\v, 
when severe enough to visibly affect the vigour of Hu* plant, 


1 ) For further data see Appendix HI, 
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results in an abnormally high acidity*% and concludes from her 
work that 'Varietal resistance to stem rust is not related at any 
stage of development to titratable-acid or hydrogen-ion concen¬ 
tration. High acidity of the juice does not hinder attacks of the 

stem rust organism.low acidity does not pre-dispose to the 

disease’’, either in resistant or susceptible varieties. The same 
worker (Hurd-Karrbe1925) found no correlation again between 
pH or total acidity and resistance of wheat to Tilletia Tritici, 
Walker (1923) had found the same for several varieties of onions 
and Colletotrichum circinans; and Arrhenius (1924) agreed for 
yellow rust wheat. Smith (1024), on the other hand, reports 
that plants with very acid juices are immune to Bacterium iume- 
facieus. All this is in quite reasonable agreement with what is 
known of the effects on fungi and bacteria respectively of the 
pH of the medium external to the parasite. 

Reiss (1925) records H-electrode data, for the potato, of 
expressed juice and also an extract of the puree with two volumes 
of water. The normal tuber gave pH 6*01—6*21, while the tumour 
of a tuber infected with Bynchytrwm evdohiotinm gave ])H 
5*50—5*85. 

Hempel (1017) also investigated the juice of lupine to]>s, 
finding with lakrnoid pH 5*0 and eleetrometrically pH 5*7S—6*03, 
with the seedling juice constant at j)H 5*0. She also found lemon 
juice to be ])H 2*10—2*25 and the pitcher fluids of Nepenthes to 
vary (electrometric data); N. paradisa being constant at pH 3*20, 
N, Tiveyi pH4*()l—5*87, and another sf)ecies pH 5-51, the 
lattiM* two rising with hydrogen transfusion to pH 8*15 and 7*07 
r<‘sp(H‘tiv<dy. KArriON (MM8) fouiul that root- saps w(T(‘ only v(u*y 
slightly a(*i(l and giv(‘s a s(u*ies in onU'i* of inen^asing acidity Ihus- 
wln^at, harl<\v, oats, rv(*, dwarf Ixniii, hors(* h(‘an, lupin, mustard, 
buckwheat. Stoklasa (1024) using both (‘h^ctronudric and indi¬ 
cator methods found for tlu* |)n‘ss(Ml juicc' of roots t.h(‘ following 
pH valu(‘s — 

Trlticmn vulyarc and liordevvi difitkhon (5*9; 

JSIaralc cerenlc (5*8, Avcua aativa (5*6, Zea main 4*4; 

Me.dicago satwa (5*8, Trifolium pratvnse 6*(5; 

Beta vnlgaria (5*4, Fagopyrmn eacuhntnm (5*2; 

Idolanum tuberosum 7*0, 

All these values, except maize, are very high, probably on 
a(^eouat of the hydrogen-electrode errors. 
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HoA(iLANi) (1919) uHcd the hy<Ir()^ 5 cn electrode nx^hod; the 
plant material (barley) wtw eoinmimited, frozen and presHcd. 
The juice from the topn gave a d(^finit(^ and eonstant valu(‘ of 
pH r)*(5S—5-S5; that from the rootK waw pH 9'I2'*7*()8 (ej). Ktok- 
lasa ()‘9) but a deeroaHc in acidity was not('!<l during the 
nient of the root juic(^ ((tp. Nepemthen above) whi(di w*ih Hiigg(‘Ht<'d 
to he due to reduction of NO., and the almencu* of a Huffieu^nt- 
l)uff(‘r (effect. 

Triuxj (1920) found that liming of the Hoil redmunl tlie a<d.ua.l 
acidity of ])lant JuiceH. Thin v/m further invewtigated by Haas 
(1920), using a small hydrogen eleotnxle. He found that c»<(uili- 
])rium was more rapidly attained with small quantities than wit h 
larger quantities of fluid. Ho also found that sometinu's a small 
degree of alkalisation occurred on allowing th(^ fluids to st and for 
half an hour or more, for fresh medium rod elovcT ]>H (b02 beeanu* 
pH 6’0(5; and also that on standing for about six hours tlu^n^ was 
an acidification, pH ()*12 to pH 5‘94 or j)H 0-l2 to pH 5-S2. 
Using the same juice he found a variation in the H(‘(X)nd <h‘einml 
place which amounted to 0*02—0’()4. MoOlbndon and Hhari» 
(1919) had previously recorded a change in the pH of carrot juic(‘ 
from 5*85 to 5*73 after standing twenty minutes. l^h(*s<’> (change's 
may ho duo to (a) chemical change or (b) the cuirbon dioxide^ of t.lu^ 
air combined with a low buffer eapa(!ity in that pH rang<*. 'Pin' 
main investigation by Haas was on the (dfeet of liming, ajul tlu^ 
results are given in TableTII as a summary of th(‘ nxiction of 
juices. A slight increase in acidity with age was found to occur 
in corn seedlings. Haas (1920) also givc's furi-lu'r data for buck¬ 
wheat tops, partially flowering and in seed, as pH 4*S2, with 
'‘a marked buffer action”. Ho quotes as an extreme example 
of the gradient in reaction, sweet clover which shows pH S-00 
for the u])per three inches of shoot, ])H 7-04 for r(‘main(l(‘r of 
leaves, (rOS for remainder of stem to 2 inch<\s above' soil, ()-4() fol¬ 
lower two inches of stem, and upper two in<*h(‘s of root-, 5*82 for 
six inches of root below the up])er portion. No otiu'r sp(*ci(\s w'as 
found to show this gradient. 

The juice of sweet clover tops was found to Ix' alkaline by 
this electrometric method and was also found to contain about 
50 % more carbon dioxide than the relatively aedd tops of miMliun* 
red clover. This is an intc'rcsting examph' of tlu' study of tin* 
hydrogen transfusion of the ('Ic'etronu'tric nx'thod as* aff('(*liug tlu* 



GENERAL SURVEY OE TISSUE REAUTIONS 


85 


Table III 

From Haas (1920) — Table 4 (p. 355). 




Actual Aci¬ 
dity of Juico 



Actuail 




Plant 


Uu- 

Total Acidity 


Acidity 

Limed 

limed 



pH 

JH 


Alfalfa topH. 

J)cerca.s<' 

6-J9 

Cym 

Decrease 

Alfalfa rootiK (Haltiti no.5/)0) 
Alfalfa roots ((toininon 

Increase 

6-12 

()*2J 


Koulh Dakoto no. 303) . 

Decrease 

(!I2 

im\ 


Alsiko <ilov(*r roots .... 

l)e<‘rease 

5-84 

r)-r)S 


Al.sik(‘ clovor tops .... 

DecTease 

t)-l{) 

r)-2H 

I)ccr<‘nse 

Parlov tops. 

Huckwiioat (on tire ao(‘(l. 

l)e<Tease 

r>-72 

5‘(‘)2 

Nodiffercne(‘ 

Hiil'm). 

Decrease 

54)7 

5*48 


(V)rn tops. 

No difference 

5-11) 

r>'ii) 

Sliirht increase 

(’orn tojm. 

No<lifferenee 

r>-48 

548 


Piold ])oas tops. 

IiuToase 

(iT)3 

()-8() 


(lanlon Ix'aii tops .... 

In<TeaH(‘ 

5 1)5 

507 

Inereas(‘ 

Lupino, yollow tops . . . 

I )('ereas(' 

r)-()3 

5-51 


IjUI)ino, yollow roots . . . 



5-80 


Modinin rod olovor root.s . 

Increase 

(r)-«7 

(5-82 

51)1 

5-88 


Motlinin rod olov<*r roots . 

Decrease 

(il2 

5-(M 

I)(‘crease 

Mixliiiin H'd cloviT k'avc's. 
M(‘diiiin r(*<l <*Iovor stems 

Deen'ase 

(ili) 

0 02 

No nee 

an<l pt'tiok'S. 

Decrease 

r, P.'S 

5 (>.*1 

Decrease 

Mi'dium n*d clover lojis . 

Deereas(» 


81 

Decrease t.lien 





inen'ase 

Mustard, whiti', roots. . . 

D<*er<*ase 

r)iii 

5-()2 


Mustard, white<‘ntire plants 

Decrease 

.'>■78 

5-18 


Oat plants. 

D<‘er('as(* 

r)(i7 

5-1)5 

Slight increase 

Serrad(‘lla t-ops. 

Increase 

.'>■7-1 

5-04 

D<‘er(‘as<‘ tlien 





inenxise 

Timothy tops. 

l)(‘creas<i 

((!-17 

[o-I!) 

0-14 


()'J2 


Winter wheat crops . . . 
Winter wheat, Iea.ves and 

1 )(*creaH<‘ 

0-33 

5*05 


stems, no heads .... 

Decrease 

((•J2 

5*77 
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reaction of plant juicoH. Wo have already s(Tn 1 hat-Hniall (|nant iti<‘s 
wore iiaed in order to obtain oquilibriuin rapnlly. Ail thoHO records 
by Haas would a])pear to ho, like ilioso of iiiosi. oiluT ekad-ro- 
metric*/ doterminations, data concerning the residual r('a<d<ion of 
the juice after the nunoval of carbon dioxide* No evid(Mio(‘ is 
])resentod which jiroves that the natural nap of svecd- clov(»r t.ops 
is loss acid than that of red clover tops; wc arts in faet, givtui a 
certain amount of evidence, in the table of carl)oii dioxidt' valu<*s 
(p. 302) that the hydrogen-eleotrotle inoihotl shows a grt'aitu* 
error with sweet than with rod clover toj)s, becaiiHe tluTt' is mort^ 
carbon dioxide to .he removed. 

The Effect of Immg on Plant Jtiice Rcacti07iH. This jirobltun 
has been studied by others. Bryan (1910) found Ibai in gtuuu'ul 
the sa]) pH followed the soil pH but in tu)rn iopK th(‘r<‘ was no 
change, and that in gentnul the pH of t.he root, sap was mon* 
closely correlated witli that of the soil than was ilu' |)H of shoot 
sap. Tiiiroo and MEAiurAM (1919) foun<l lupint‘ to be an exception 
to the same general rule of higher pH with liininfc. (^MfiviCNciKU 
(1019) found root sap pH oorrclaU'<l with soil pH, hut that shoot 
sap pH was lower on limed than on unliined soils, Haas (1029) 
gives the results in Table III aiul others; t he gciUMal rule holding 
with excei)ti()nH as before. 

Baubk and Haas (102^1) using various ft‘rtiliH<»rH, fotmd 
variations from pH 5*31 to pH 5-95 in corn stalk Hapand 5-31 o-dO 
in corn leaf saj). Huun (1923) found a correlation lud wetm nda- 
tive vigour and pH of corn stalk sap ~ • Sc*ri(»s I April May, 
very good, pH 5*5; Series IV Juno—duly, very good, pH o-o; 
Series II May—June poor, pH 5-3; Kories HI May—July, v(U'v 
])()or, pH 5*1. There was not the same corndaiion l)etw(‘<‘n l<*af 
sax) ])H and vigour; the average pH values for leaf saps Ixung 
5*42 for vigorous and 5*43 for poor grovvths of tli(' various strains; 
whereas the corresponding averages for st.alks w(‘r(‘ pH 5-51 
and pH 5*10. 

Arrhenius (1022) an<l many oHum's have .stu(li<'<l tin* 
of soil pH on growth without giving <lat.a for iriUTiml pH and 
those results belong to the other section of tho siil)j(*el. New- 
TON (1923) using barley, jieas tuixl beans found Mud th<‘ inl<*rnal 
juice pH was not decreased by limiting t he supply of cahuiim 
and this was confirmed for the juice of tomato bv DtfKTMAN 
1925. 
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Theae results indicate that the relations between soil pH 
and internal (juice) pH are complex. Probably they cannot 
be elucidated without a considerable amount of work on actual 
tissue reactions and accurate determinations of buffer effects 
along the more modern lines. 

ETIOLATION ETC. 

Hempel (1911) found that the absence of chlorophyll from 
luj)ine seedlings had no effect on the pH of the juice, but HaAvS 
(1920) found for corn seedlings — green tops pH 5*52, green- 
tinted white tops pH 5*85, white tops pH 6*16. This difference 
may or may not be due to an increasing carbon dioxide error 
witli the hydrogen electrode, there is no evidence in this paper, 
but see below. Further work by Bauer and Haas (1922) led to 
the conclusion that the growing plant seems to be able to adjust 
or regulate internal changes readily. 

Further work on the acidity gradient in plants was done 
by Gustafson (1924) who found a pH gradient in many ])lants, 
which “is not duo to unequal dilution of the cell contents nor 
to une(|ual amount of COg dissolved in the juice.” Data for tlie 
pressed juic^e of sunflower as determined by the hydrogen ek^c- 
irodeare ui)por leaves 0*7, lower leaves ()*4; upper, stem ()*0, lower 
stem 0*0. Similar figures are given for other jdants. Since (iu- 
STAFSON attempted to avoid the error of varying carbon-dioxide 
content, this evidence of a pH gradient is somewhat more reliable, 
but the acdiual reactions as given are still subject to the errors 
of pressed juice and are only comparative data. Similar data 
arc given by MuKh3!i,n (1927) for cx])rcsscd leaf juice of Mcr- 
rurialift pvrvmiis — lower leaves pH 5*S~ (rO and upptu'most 
|)H 4*8—5-0. In a furtluT contribution (i!iistafson (111241)) 
finds no constant relation between total and actual acidity in 
Xm (^ucnrbUa maxima, HvlianthuH sp. and liri/op/n/liNm 

cali/crnum. He (;onfirms very definitely the observation that l.he 
total acridity docs not control the actual acidity of ])Iant sap, 
finding a greater total acidity in young parts coneoniitant with 
a lesser actual acidity than in older parts of the same plants. 
The gradient of total acidity in the reverse direction had pr(‘- 
viously l)cen demonstrated by Kuaus (1880). 

In the years 1921—1923 Atkins j)uhliHhed a series of j)ai)ers 
which were imi)ortant contributions to various aspects of hydrion 
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concentration in relation to plantn. Ho rottoji^iiiwHl ih(' proHont^c^ 
of errors in both (^loctroinctrie and (?<)l<)riin(»trio nudbods, <liio 
to the manipulation and inixiiifi^ of saps in or<l(‘r to obtain 
juice. Using a drop method with expressed Juice lie obtaiiuMl 
the following pH values — 

Triticum SHedlhiga — roots (bH, while leaf linsc's and young 
green loaves 5'4, 

Avona satim — roots CbH, leaves 5*4, 

On/m sativa — roots (bH, leaves 4*S, first ami st^eond inter- 
nodes of stem 5d) 

Iticmua covnmuniH —stem 4*0, leaves and young flo\v<T 4*8, 
a section method on young capsule showed-walls 4*8, 
iinniaturc seeds 5*4, also pollen sacs 5*4. 

Harvay (1920) had jireviously recorded H-(4eetro(h* data for 
Ricinus commu7m thus — tumour 5*77, stem 5*52, h»aves f)*!), 
and also Beta vulgaris — nonnal root 5*8» tumour produec'd l>y 
Bacillus tumefaciens 0*35. 

Ronoati and QuAOLiAitiKLno (1921), (Srav and Ryan 
(1921), Brewstbr and Rainiss (1922), and others have giv<*n 
a few scattered data concerning the ])H of plant- juie.c's on siniilar 
lines. Pbaksall and Ewino (1924) n'cuird data for (*xpr(‘ss(‘d 
juieo of reserve organs; potato pH 5*4—5*0, carrot pH 0. 

Zaoharowa (1925) gives various pH data for parts of roots 
(cited by Mkviits) the actual figures vary from pH 5-0 to pH 
8*0 but considering the technique (see p.37), th(\v n('e<l not lx* 
quoted.^) Dustman (1925) gives pH values varying from .5-50 
to 5*61 for the pressed juice of the tomato. Dovnn and (hjN<ui 
(1926, 1928), using Atkins’ drop method, obtained some inter¬ 
esting pH values for the expressed loaf-juice of coniftu’s 
Abies 'liectinata 3*7, Cedrus spp. 3*5—3*($, Pieva 3*7, Pisns spj). 
3*6—3*8, Paeudotsuga 3*7, Tsuga spp. 3*4; (Uiprvsfius spp. o-I, 
Thuja spp. 5*1—5.2, Juniperus spp. 5*0—5*4; Sequoia 3*6, Cnjjtto- 
tmria 3*8, Sciadopitys 5*0, Araucaria 3*9; Podocarpus 5*1, Crpfta- 
lotaxus sj)p. 5*3—5*4, Torruya 5*6, Taxus spp. 5*4. Wit li (*.\<*<*p1 ion 
of Sciadopitys, all the Abietineae and 'raxodin(*a(* ar(* in tlx* 
range of pH 3*4—3*8, the Chipressineae show a rangi* of pH 50 5*4, 
and the Taxaceac pH 5*1—5.6. 


1) 8oe also PrEirrKu (1929) where the H.l.M. runges arc corroborated. 
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Ulehla (1927, 1928) records for pressed sap of Opuntia 
phaiicantha pH 1*4 to pH 6‘0 according to the time of day; Rh&mn 
undulatum leaf pH 2*95—3-06; leaf parenchyma of Nymphum 
alba pH 3-1. 

Nemeo (1925) used a special technique, obtaining results 
which apx)oar to have a comparative value but which may have 
very little relation to the reaction in the tissues concerned. He 
used seeds, crushed, added to distilled water (5gms.—100 cc.) 
with 2 gms. toluene as preservative. After extracting thus for 
48 hours at 27**, he filtered and determined the pH by means 
of a H-eloctrode. He ooucliided that acid-soil plants show a low 
pH and vice versa) thus. 



Soil optimum 

})H Seed Extract 

Agrostis oanina. 

5*2 

4-9 

Peu. pratonsis. 

G-2 1 

5(5 

F<*stnea praiensis. 

()*9 

(51 

LupinuB luteuH. 

calcifuge 

4-5 

Hordeiiiii (listieliuin. 

raleieole 

(5*4 


3. MKIUSTEMS 

11ie earliest observations of the reaction of ineristeins apis^ars 
to be the observation of Saohs (1802) who found that most cell 
saps were acid but that certain tissues always exhibited an al¬ 
kaline reaction — ‘'niimlicJi in den diinnwandigen Zellen, welelie 
l)ei vollstilndig ausgebildeteji (Jefaflbundeln krautiger Pflanzen- 
teile zwiseben dem Baste und den (JefaBroIiren liegen.'’ Ijalc*!’ 
authors (Pkarsaul and Piukstlky 1923, IMukstlky 1928, se(‘ 
Webiak 1924) hav(‘ su[)posed a (^ertain pH value for nuu'isteins 
as lying, lik(‘ the tissue, between a(*i(l values on on(' si<h' and l(‘ss 
aeid values on the othcM’. No names are givem of the plants dis- 
(!Uss(hI and these generalisations do not app(‘ar to rest- seemndy 
upon any wide range of observations. Some of the data givcm 
in Table VI would form suj)port but there are too many excep¬ 
tions, especially in the 'all acid’ families. These authors (juoto 
Atkins for acidity in the xylem and Sachs for alkalinity in th<‘ 
])hloem. Readers are referred to Table VI, where records of the 
variation which actually occurs can be seen. There is no cxjjeri- 
inental evidence that the j)H of one tissue can really affect the 
j)H of an adjacent tissue, but there is a large body of evidence 











(JHAPriOH X 


$)() 

in support of the indopcmdenco of tissuo or tioll n*aftions, 
ocourroiico of very aoid oolls and loss acid (*c11m in a nnxtMl <'ort<‘x 
with only tho walls boiwcon, and of sharply (lefim'd aci<l tissut»s 
adjacent to less aiud tissues, epidtu’inis, j)erieyeie, 

shows clearly that the internal pH of any particular cell <i(‘pt*ndK 
upon the inetaholisni of that cell and not upon the pli of u<ljacenl 
cells. Membrane l)uff(‘r effects and expcTiments with varying 
reactions of the external nuHliuni in relation to the intt'rtial pH 
of cells supply a satisfa<!tory explanation of this indepemU'iieo 
of cell-reaction. This nieristeni hypotlu'sis also involv<*H an 
isoelectric point for living plant prot<‘ins, anotluu* v<»ry hypo¬ 
thetical proi)crty of th(‘ cell which is discuissed in (’hapt<*r X\'l. 
In ad<Ution to all those ixnnts we have Hkkki.(>ts* int(U’<*sting 
observations (1024) on the healing of cut potatex's with varying 
])H values of the medium^ during which he found that alkalinity 
of tho buffered medium (especially from pil 7*5) promot(*s suberi- 
satiou but retards meristtunaiic? activity and that aft<T a sub(‘ris<'d 
block has been formed acidity (pH 5’5 tip to pH 4*t5, the lintit 
of tho experiments) jmmioU^s phellogtut activity, but n^tards its 
subsequent suberisation (see also I^kmikkkii 10251), Stn’tion II). 
SAMiiBb (1027), using a miero-hytlroquinone el(‘etrod(\ obtaintxl, 
results which lend no stip})ori U) the appli(»ation of this tlieorv 
to the ‘shot-hole* meristerns of diseji.s(*d U‘av<*s*). 

4. HKAtTIONS ASStK IATKI) WITH THOPISMS 

(htiflKNWooi) and Pkaksall (1020) statt^ that *it has 
found by Soiilky (8,0) that the upper and lowtu* sidt's of the 
stem of broad bean (!'/>/>/. /aha) wh<*n j)laee<l hori/.()ntalI> shou 
differences in reaction (pH value*^)) an<l although PiiiLLies . . , was 
unable to find significant differene(*s for Viria /aha, yv\ he obtaiiu'd 
similar results for e.orn.” 

ScJiiLRY (1013) in the paper ref(‘iTe<i to al»()v<* stat<»K 
(pp.485—8(5) that ‘*Hinee this method measun's th(» titration valiu‘ 
hut not the H-ion content of tlie aci<l, the results an' not dinx'tly 
comparable with the work of Fis(uirh, whose eoneeplion, beMi<l(»s 
tho acid change, involves also changes in the amount of salts and 

1) See also Pioukkku (1029) who fhidH the eambium Himilar in r(Mieti(»n 
to the phloem, or (wen less acid. 

2) G. and l\’s braokots. 
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tho nature of the colloids, which have not been undertaken in 
thiw work. So far as the results indicate, however, they show no 
difference which would explain curvature on the basis of increased 
acidity, since at the time visible curvature begins the two flanks 
are of equal acidity.’* 

SoHLBY (1913) titrated with N/10 NaOH using the natural 
indicator of the bean as indicating the end-point; a tost plate 
method of determining the end-point with phenol-phthalein in 
l)rcliminary experiments being mentioned. Schley (1920) gives 
no new acidity data but refers to the earlier (1913) results. Tho 
facts, therefore, are that Schley (1913) found changes in total 
acidity of the two sides of a geotropically stimulated stem but 
did not then consider those differences as a possible cause in 
geotropic curvature, and has not recorded any pH. data in this 
coniioc-tion in either of the two papers mentioned. 

Phillips (1920) found that the tiiratioyh acidity of geotropi¬ 
cally stimulated corn shoots was greater on tho convex side of 
the curve, and that both titration acidity and ])H in Vida faba 
were sometimes more and sometimes less on the tionvex side of 
a gc'otropically stimulated shoot, from + 0‘080 to —0*143 as 
deiermined by a H-olce.trode method on ])reHscd juice. 

The only available consistent data concerning the hydrion 
concentration of the two flanks of geotropically stimulated organs 
are, therefore, those of (xHEenwood and Pearsall (192()). Using 
an indicator method on the juice of 3 halves 5 eins. long, crushed 
in 3 CCS. distilled water, these authors found a consistent differ¬ 
ence* of about ()*2 in the pH of tliis fluid when tlie stems and roots 
w(*r<^ st-imulatc'd by gravity. Their r(*sults may be summarised 
l.hus — 



Sinn a 

Ifiioh 


Upper 

Lowrr 

Uppor 

Lowt'r 

Vicia faba. 

«*2- (i*3 

()•(» (>-1 

()*3 

(>•4 ()*r) 

Pisum sativum. 

0*4 

(>•2 

0.2 

(>•4 

Hclianthus animus (hypocotyl) 

5*9 

(>•2 

&2 

6*4 


Those same authors record i)H values for the exuded sap from 
these shoots thus — Vida jaba 4*8; Pimm, sativum 4*7; Htdianthus 
hy 2 )ocotyl 5*7. They also give data for the effect of root exudates 






cHAimm X 


upon the pH of dwtillod wak»r, olaiminj^ for thoKc* “pnwunahly a 
Hlightly alkaline roacjtion”. 

Since all the ])H valueH given arc* within tin* (*ff(^etiv(» range* 
of carbon dioxide and thci method uscmI, cTiwhing in diHtilled wa<(»r, 
involvcH doHtruetion of the ({(*1 Ih and a mixing of the tiHsuc* fluidH 
wo are still without any valid data <*oiie<*niing the* of gravity 
upon the reaetJon of the iisstioH in stimulatc^d organs. 

6* REACTIONS ASS0<1IATEI> WITH STOMATA 

The history of stomatal i)hysiology has l)ei*n v<*ry ade<|uut<*ly 
reviewed by Wkhbr (U)2ftl), 1920) and later i)y Soartii (1927). 
Wmbkr’s suggestion of the action of carbon dioxide* in controlling 
tlie pH of the guard colls and Sciarth" s c^x pc^rirnental dcunonst rat ion 
of the phenomonon, ‘clinched’ by the use of Wkhkk’s Z. I. M. in 
the dotormination of the internal pH of the^ guani e(*lls iind<*r 
varying conditions; those have r<*Hult.(*d in onr pn*H(*nt. ratlu'r 
satisfaeiiory knowledge of the stomatal apparatus as a H(*lf.r<»gu- 
latory mechanism, (see also Wkbkr 1922a. Sayrio lt>2<b Scaktii 
192() and Gioklhohn 1928). 

According toSoAHTH— “There seems to lx* little* room for 
doubt that the charaoteristic ehange‘H in the guarel ex'lls an* due* 
to fluctuations of H-ion exmeemtralion within the»m and that- 
these fluctuations are such as might be* j)ro(iue’(*(l l)y the* normal 
changesincemcentration of The range* varie*H with tin* Hj)<*ci<*s 

and oxienels fremi pH 4-/) te) pH 7 a))proxiniate*ly, all within the* 
range e)f carl)on die)xiele ae^tiem. The* r('ve*rsible* hydrolysis and 
synthesis of starcihes whie^h liave Ix'eii sugge*Hled as partial e’aus«\s 
of the phenomena are “vastly tex) sle)w t-e) a(x*e>emt for the* rapi<i 
response of movomemi”. dhange^s in int.e*rme*eliate* sa(*<*lmride*s 
may acee)unt partly fe>r the rapidity, hutSe^ARTH fave)urH tIj<*inorc 
rapid changes which occur in the hyelratie)n e*apa(*ity of an ampljo- 
tcrio colloid in the sap of t.he cell. He* give*s stre>ng e*vi(l<*ne*e* for 
the j)re.Hence of such a eolloiel ae.iually in the* sap e)f guarel ce*lls. 
This last factor accounts ne)i endy fen* a large j)nrt e>f the* rapidity 
of the guard coll movements, hut also for the fae-t that tlie* stomata 
open both under relatively acid anel redative*ly alkaline* eexielitions. 
Normally the chlorophyll-containing guarel e^ells ele)se* the* stomata 
under assimilating conditions (relatively alkaline*) and e>pe*n t.he‘m 
under shade conditions, hut at night or in prole>nge*el eiarkne^ss 
hyperacidity may result in the oiwning of tlic stomata. Aex»,oreling 
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to our present knowledge, therefore, the carbon dioxide content 
of the guard cells controls the pH of these cells and the pH controls 
opening and closing of the stomata. According to Scarth, the 
principal function of the stomata is to regulate that very factor 
which is presumed to regulate them, viz. the concentration of 
CO 2 in the leaf, especially in the guard cells. 

6. TISSUES IN GENERAL 

Determinations of the internal reaction of plant cells occur 
scattered in the literature as incidental information, but it is 
doubtful if such data arc critical. Anueueji (1920) and Balint 
(1924) attempted to determine the internal i)H of bacterial cells, 
but tlie methods used were not reliable. 

A Igae. 

Rohde (1917) found Spirogyra sap of pH 5*5—5*9 during 
tlie day and pH 6*73 during the night, using both indicator and 
H-electrode methods. Ckozibr (1919) found Valovia sa]) to be 
usually of pH 6*0—5.9, varying from pH 5*0—6*7. Lapioque 
( 1922—23) found the pH of tipirogyni below 5. Peahsall and 
IllwiN<i (1925) record j)H 6*2—7.0 as the normal saj) reaction of 
Spirogyra. The later authors do not record the time of day of 
their determinations and Rohdk^s results are the only critical <lat.a. 

Atkins (1922) using his section method records pH 7*3 for 
Laminaria sti 2 )e; ])H 7*2 for the medullary tissue of the recoj)!- 
acl(‘- of Furufi; pH 6*6 for the stipe and pH 6*9 for the disc of 
Jlimmfthalia ; pH 7*0 for Ul'va; ])H 7*0 for the diai-om Skrhtoncyna. 

Hoacjlani) and Davis (1923) record pH 5*2 as saj) reaction 
of NitvUa. using botb (u)loriin(‘t.ri(‘ and (‘le<‘t.rom(‘tric nud-hods. 
Taylor and Whitakeu (1927) using a micro-H-(d(*<d.rode found 
an average valiu* of pH 5*47, but consider f)H 6*16 t-o ho n<‘iir<‘r 
th(^ tru(‘ value for tlie sap of Nitvlfa. Th(‘re is jiossibly a diurnal 
variation here, as in Spirogyr.a, and both figures may be corr<‘et. 

M issM. (-LAPHAM in this Department has examined Lamitiaria 
tissues using the R.T.JM. and rci)Drts as follows. — 

While finding it difficult to get full indications, Miss Glapham 
gives the following values for the contents and walls of the ventral 
region of the thallus. — Laurencia caesjdtom pH 4:-0 ca.; Laurm- 
via pamuitijida pH 4*0 ca.\ Chondrus crinpus within the range 
pH 5*9—4*4; Dictyota dichotmna within the range ])H (>*2—4*4. 



i)4 




Laminaria digitata 

oiiUt (*orU*x 

inner e'ortex 

m<*<lulia 

stipe, young. 

5-2 4-S 

0*8 0*4 

«'2 5-J) 


ryi) 

(l-» (1-4 



ry{) 

0*2 ca. 

r>*i) 

stipe, medium eige*. 

ry2 48 

«•« «•4') 

r)*2 4*8 

stipe, old. 

5*2 

«*8 «-2 

ryi) ryif 

hapteron, young. 

r>*9 


tJ*8 <1*4 

hapteron, old. 

ryU 


0*8 U-2 

Laminaria saceharina 




stipe, very young. 

r>*2 4*8 

ryV 1 

5-a 

stipe, young. 

ryU 

<h8 (i*4 

n-t) 


Fungi. 

Although there are iiumeroiiH obHervaiionn of the internet ion 
of fungi and fungal media, there are few n'eoniw of inl(‘rnal nuie- 
tion in this group. Hkrhmann (1879) reeords a hliieing of litmus 
paper by the plasmodium of Avthalium, and then^ an* at pn^sent 
no other published recjonin known to the writer. 'rh(‘ following 
data (Table TV) have been obtained by J. I. AiiMSTKON<i in this 
Department, using the R.I.M., with BTH and phenol re<i Vl< as 
additional indicators. 

C. T. iNOOiii), also in this Department, det<u’inin<‘<l the pll 
of the sap exuded on i)un(!turing the sporangiophon^ of l*Uoht>lus 
crystalli7hU8, by means of drop (joniparisons, applying th<‘ H.I.M. 
method of interpretation. The sap was alkaline to B.IMi., H. 
B.A.N., M.R., D.K.R., B.T.B. an<l to lUMitral n*<l; j»i!\k 

(pH) 7*0) with phenol red (P.R.) and y<dlow (j)!! 7’ t) with 

cresol red. The actual pH lies, therefore*, in the* range* pH 7*0 7* t. 

It will he clear from an iimp(*etion of Table* I\' that the* t issue* 
reactions in the fungi examiiu*d are higher than is common in 
flowering plants (see Table VI) and that there* is little* (liffe*n‘n- 
tiation. Thestipoofoff 7//or//Ac,of Lartarins 
and of Partus; the hymenial laye'rs of the* itnmatnre* ArmUUtrin 
mellea and of Cortinarius violacrus are* the* e‘hie*f variations foeiiui 
within the same fructification. Lvoiin sho\ve*d mixe*<l ti.ssue*- 
reaetions. 

Bryo'phyta. — There are no previous re»(!ords of ijite*nml pH 
values for this group, but a few' of these plants have be*en inve'sti- 


1) The inner cortex showed a baud of pH 4*8. 
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Table IV 



Soil 

pH 

pH Values for 
Tissues 


Species 

Stipe 

Pilous 

Hyme- 

nial 

layers 

Notes 

Coprinus atramentariua 

6*5 

D 

D 

D 


„ micaceus (young) 
„ „ (mature) 

t 

db 

b 

b 

b 


Armillaria mellea . . . 

5*5—«*0 

C 

C 

C 


„ „ (young) 

1 5*2 cn. 

a 

a 

e 


,, „ (mature) 

a 

a 

a 


(Unvaria riigosii. . . . 

ttO—(5-6 

V 

— 

C 

T. H. fniotifioation 

„ (loniiculatua . 

7-0—7-2 

B 

— 

B 

tt It •! 

Typhula ineaniata . . 

«*0—6*2 

a 

— 

— 

ft It »l 

Mycena vulgare . . . 

— 

a 

a 

a 

fleshy forms 

,, pura. 

6*8—7*0 

a 

a 

a 


Lixctariiis blonnius . . 

5*6—6*0 

b 

c 

0 


CortinariuH violaeeus . 

5.5—«-0 

C 

C 

a 


Amanita muHcaria. . . 

— 

V 

C 

V 


Hypholoma fas<xeulare 

«•()—«*2 

e 

a 

a 


AgaricuH campestriH . . 

rj*(i—r)*8 

a 

a 

a 


C^litocybe laoeata . . . 

()*o-~e*5 

C 

a 

a 

1 leathery 

I^anuH torulosis .... 

r>*5~()*() 

C 

b 

h 

J forms 

Collybia radicata . . . 

5-5—0*0 

— 

a 

a 

) 

Polystictus versicolor . 

— 

a 

a 

a 

j tubes. 

PolvporuH sp. 

— 

a 

a 

a 

J woody forms 

Xylaria hypoxylon . . 

- 

a 

— 


1 

lj(‘ot'ia (‘hloroct'phala 

n 0 

V 

(N* 

e 

ec‘nt r<‘ of pilous 

ll(*lv<*lla crispa .... 

() .^) 7 0 

(’ 

V 


<>•2, ptu'iphery 

r..ii 

'I’lie let.U‘r B is us* 

i‘d for pi I 

(>•2 5. 

1 1 1 

P; V for pll (i'2 appiox.: 1) for 

pH (i'H -(>.2, in extension of the R.I.M. notation 

with the use of hroino- 

thymol hluo, UTIJ., atid phoiiol r(‘<l I’U. a 
V ' cii. pH f) (i, e--pH r)-2--4H. 

- ea. pH T)'!), 

b piir.-o r)fi. 


gated in this Department by Miss M.J.Lynn. Differentiation 
is not easy to find but the following have been noted. 

MarcJmntia '})oh/morpha, — Thallus except air-ehainlxTs 
])H 5*2—4.8; rhizoids, both types pH 4*0. 

FegatelJa conica. — thallus exee])t air-ehainbers j)H 4*4; 
rhizoids, both types pH 4*0. 
















S)0 


PolyiricJmm commwu^, — J^oafy Ht<»m hIiowh - i'pi<l<Tinal 
wallH Ic, contonis pH 4*4—4*0; ccirU'x pH 4*4 '4*(); loptoim^ ciai- 
teuiH pH ()*2—5*9 (B): hydromo nuuitlc varuMl from h 

to f (pH 5*2—4*0); hydromo walla k, 

Pivridophyta, — There are again no |>reviouH r<*eor<lH of 
internal pH values for this group, un<l a f<*w of th(*s<* plants hav<‘ 
Isum similarly investigated in this Department by M iss M. J. Lv N n . 
Differentiation was sometimes more extensivi^, and in Kquinvttnn, 
as in Polytrichvw, was v(»ry interesting, 

liqimel'um maximum, — Taking K f^n* s(4f-eoloiir Hu* billo¬ 
wing values were indicated — 
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The sporangiophore, very young, -showecl rows of <*<‘11 m in 
stalk and some cells in head with very acid (pH 4*0) eoi\<ents. 

Helaginella VKirteimi, — The stem show<‘d the epid(»rmis and 
all the cortex in the range pH 5*2- 4*S; periey<’le and phloem 
pH 5*9; xylem walls i. 

A^pidium jUix-vKiH, — Young ra<’his was all in tin* range 
])H 5*2—4*8, with no clear differentiation. Tin* rhizonu' was 
(^xac^tly the same. 

Asplenimn viviparum, — The tip of tln^ young rnehis showt'd 
epidermis and ramenta pH \ 5*2, cortex at pH o*d; en<lod<Tmis, 
jierieyele and phloem pH >5*9; jirotoxylem walls h. 'Flu* hast' 
of the young raehis was similar except that the ('ndod<*rmis, 
pcrie.yclc and ])hloeni showed pH 5*($. The base* of tlu' old rac*Ius 
was more acid; with the epidermis self-<‘olour(‘d, out<'r un<l iniu'r 
(lortieal iiareiK'.hyma contents in rang(' i\ scl(‘n'n<*hyma walls k; 
(Midodermis, [)ericy<d<‘ an<I jihloem pH 5*2 (Z). 

Oymno^pmnav, — The only jniblished data of internal j)H 
for this group apiiear to be those by Dovlk ami on <*.\- 

pressed jiiice of loaves, see j). 88. 

Miss Lynn has investigated a few ('xamjdes of this group ami 
reports as follows. 
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Finns anstriaca — stem (two years old) — walls of epidermis, 
hypodermal sclerenchyma and xylem k; phloem parenchyma and 
pith pH 5-2—4*8; some cells of inner cortex pH 4*4 ca. ; leaf—walls 
of epidermis, hypodermal and bundle sclerenchyma and xylem k; 
contents of endodermis pH <3*4; mesophyll self-coloured except 
some cells clearly at pH 6*2—4*8. 

Taxus haccata form fastigiata — stem (two years old) — walls 
of epidermis and xylem k; contents of epidermis and phloem 
parenchyma pH 5*2—4*4; contents of many cortical cells pH 4*4; 
contents of many cells of pith pH < 3*4: leaf-cutin and xylem 
walls k; acid colls pH (4*0) scattered in epidermis, mesophyll and 
bundle sheath. 

Flowering Plants. — Tissue reactions in the flowering 
])lants had been recorded previous to 1926 mainly by Rohde, 
Atkins and T^feiefbk, A general survey was made in this Depart¬ 
ment (luring the years 1922 to 1927, and some of the results 
have been published as a series in Protoplasma (see Small, Rea, 
Martin, Ingold). These results form the basis of this and the 
next few chapters. 

Miohaelts and Kramsztyk in 1914 gave data for certain 
animal tissues. Rohde (1917) followed with one of the most 
careful accounts yet published of tissue reactions. He used very 
dilute indicators, *5% indicator solutions diluted 500 times w'ith 
water, on immersed sections, and also a H-electrode method on 
filtered |)ressed juice. The indicators used were neutral r(‘d, 
rnetliyl red and inethyl orange, and a plasmolysis lest, was api)li(‘d 
for the final living condition of the cell. His r(‘sults may b(‘ siirn- 
maris(al as follows — 

1. Riant. c<‘lls witli a neutral r(*action — 

pr(‘ss<*d juic(‘ and ll-<‘l<*ctrod(» —carrot 7*35, asj)aragus 7*2; 
broad bea.n 6*92; Spirogt/ra 6*73 (at. nigbt); witli imlicators 
pH 7—6*5. 

2. Riant cells with an acid reaction — 

pressed juice and H-electrode — unripe apples 4*5; unrii)e 
gooselxuTies 3*27; rhubarb leaves and ])etiole 3*09; whit(' 
(tarnation, epidermis of flower 4*9—5*9; white tulip, epidermis 
of flower 5*2—5*5; with indicators pH 3*09—5*5. 

3. Riant colls with acid or neutral reaction — 

this group includes a series of white flowers e. g. hyacinth, 
narcissus. Magnolia Ynlan, TriUiwm grand!flornm, '"Mai- 

If: iSinall ^ 



08 


dHAITKIl X 


gl6cJccihm^\ ox-oyo dawy, true (diainoniilc, dof^ <?ham<)inil(», 
snowdrop, crocus, (?horry, apple, pear. The opidonniH was 
found by RoHl)K^s secUou-imnuTsion nudhod to la* usually 
slightly alkaline or neutral, sniall-e(»ll(*<l sul)-epid<u‘tnal 
])aren(ihynia with strongly aeid stri|)(‘s, acid vascular st rands, 
and hetweesn t.he aeid stripes a larg(>-<‘elled partuichyina 
with a nwition similar to that of th(‘ (‘pidcu'nus, 

4. A series of observations on indicator anthocyans <*. g, la*<*t- 
root, red eabbag<s billauTy <*tc,, and a S(Ti(*H of obs(*rvaii(»ns 
on the behaviour with acid and basic dy<*s of naturally 
neutral and aeid tissues in buffered solutions of lovv<*r or 
higher pH rospocitivoly. 

The pH data for tissue reactions reconled by Atkins (lt)22), 
using a similar immersion method and various indi(*ators, iiududing 


the very useful di-ethyl red, may be summaris<*d tlius 
Miilvia verhe7iacm — seicrenchyma and bast film's , . 5*2 5*1 

wood walls.5*4 5*() 

medullary rays and parenchyma. (bO 

Cochharia armoracia — sel(*r<*n<diyma and vase. bundl(*s !*(> 

parenchyma of stem . d-O 

pareiKjhyma of l(*af. 5*4 

Tararacum ojjie.malv — stem. 4 *5 

leaf-par(*nehyina. 5*S 

midrib. 4*<) 

ro()tsto(*k-me<luIla.. 5*4 

latex canals.4*1 4*S 


‘‘Vascular bundles much tin* sanu*, but not 
quite as a(‘id as the latex, which gav(* a more 
])urplc tint with methyl nsl.” 

AmiqnUifi arvevsh — stem-vascular bundh's. 5*2 

l)ith. 5*2 

Ram'ukl (1927) r(*(!ords l(*af in(*sophyll of Prtnuis lai(r(»(rrasiis 
as pH 5*0—0*0, usually pH 5*7- -5*8; lamina uniform for any 
])articular leaf; miero-hydnxjuinone nu'thod. 

i^FBiFFEH(1925a) devised another s(*ction-imm(‘rsion m(*tho<l 
which eliminated the use of two-colour indicators and also of 
standard buffered coiu])ariHons, and latiT (1927) publislusl a stwics 
of pH values for tlie abscass layer of l(*av<*s aft-(*r frost-fall. 

spp. 4*8—5*2, /i<?|/owmspp. 3*9—4*2, Azalea Ac.srnlufi 

spp. 5*4—5*S, Echeveria sj)}). 0*2—0-8, (Udi/hdon 0*9 7*1, 
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Pfbiffbr (1925b) also investigated the internal pH of plant 
tissues from quite a different point of view, considering in detail 
the relation of the form of calcium oxalate crystals to the pH of 
the medium in which they are formed. 

According to Pfeiffer (1925 b, pp. 66—67) we have an 
equilibrium of various oxalate forms thus — 

CaCgO^ + HAO 4 ^ Ca(HCa 04)2 

with a dissociation constant 

^ ^ [C ^C,0,] [HAO J 

' >■] [HCaO*-]^. 

atj(l alHo HaCJgO^ H+ HOgO*- 

wiili a dissociation constant 


K, = 


[HAOJ 

LH'-J[H()gO,-i' • [HdgOrl 


Now if we take A as that ])art of the solubility of ( 1 a (-204 wliieh 
is inde|)en(lent of [H'l |,and the total solubility as-d A -f- U 
we have in (1) Ca = A and substituting this value and also (2) 
ill (1) we have 

_ AK 2 LH+I 

* A'MLHdgOrJ 

and transferring |(5a‘ ^ ] 

AKa LH^-J 


we have [Ca> •] - 


i.lieii 


Kt [H(V>4-J 

[HI 


J . X I- 

K, [HdgO, 


(3) 

(•t) 


IhiiNKMAN a.ud VAN Dam (citc'd PinciKPUfiiO <\\j)(‘rim(Mita.lIy 
found lli(‘ ,,ljoslicliU(‘ils|)ro(liikt." | constant at 

•000 unIllinois |HM' litr(‘ at 

W<‘ call, th<M'(*l‘or(*, tak<‘ A, Kj and in (4) as constants 
and th(‘ total (\\' ' in solution as oxalati^ is thini s<mmi to b<Ml<*t<‘r- 

I H 1 1 

iniiKMl by |U' | and ] in the form of th(‘ ratio 

I 2^)4 1 

W(‘ can r<‘a,lly go furt-luM* than PKKiKinflit, since tli(‘ form of the 
fundannuitiii (‘(|nation for th<^ oxalate* or HAH ty|)(* of acid is 
IH'IIAH I . I lAH-’l 

‘ IHAHl ‘ ’IH'I KJHAHI 
and th(M‘(d‘or(‘ wh(‘n» tla* total concentration of A in all forms 
is constant (as well as K,) the concentration [AH [is gov(‘rned 





IDO 


(tHAI>TKK X 


TabollariHch Hoion (auHZUgwwoiso) cMiiigt* ]l(>HuItaU» <l<‘r an- 

.1 |)H 


KxptTimtMil I: XuHat'/ v<»n 

konzcntricrio 11^(1204 1 konzcatricrto (ViN(>a. *^4 

konsioniriorio I vcrdumiic (^iNOj,. r>,H 

voniiimxlc Ha(t2()4 | vonliinnto (^iiNOa. M 

vmluiintc Ha(Ja ()4 } Htiirkor vordiiiiiiio (’iiNOa. 7.0 

Htarkw voKliiiinte Ha('a 04 I* koiizontruTto (’aN(>a. 7,<l 

Htiirkw vmliinntc H 2 Ca ()4 -1- verdiiimtc ('nNOj. K.4 


lOxfXTimcnt 2: ZtiHiit/ voii 

konzoiitriorte Ha(l2()4 -j- vmlunnto iU\X*\^ •] Spur IKH .... 
konzontriorio H./^a04 ‘j* v<*r<lunnt<* (’a(’I.j | Mpiir ilCHa^’Oa. . 

kouzciitrierto Ha('a04 j- fiiHt koiizentrifrto (’aCJI^. 

vi»rdiimit(‘ HjOjOa + H( 4 iwa<*h<T vcnlunnlt* (Jn(’Ia. 

V(»rdi*uint(‘ HaCa()4 -\- Htiirkor vordiiiinto (’lU’la. 

vordiinnto Ha()a04 -f- Htiirkor vonliiimto . 

vordi’innto Ha(Ja(>4 ■}* Htiirkor vordCiimto <'a(^l|. 

vordiinntc HaO^Oi -j- vordiiiuik» (!u(^ia I’ HNO^. 

lOxporiinoijt lii ZuHiit*/ voii 

konzontrierto Ha( LO4 ■} koir/<‘utriorto CaSO*.| .’I.D 

koiizoniriorio I Ht'hwiiolior vordiiiinU* (’nS<)4.■ 4,2 

vordunnto I vordiiniiic (’uSOj -} Spur IK’l. 4 ,S 

koiizontriorto Ha(Ja04 I- Htiirkor vordiimito ('aS( >4. r»,8 

vordiiiinto Ha0aO4 Hohwii<*hor vordiiiinto (^iSO*. <i,K 

vordiinnto HaC^aO.! -|" Htiirkor verdiinnio (’uS<)4. 7,4 

JOxporiiiK'iit 4 : ZuhuI'/ von 

konzoniriorie Ha('a(>4 -1“ koiizontriorto ((^all.4a()i, CaO) .... r>,2 

Hohwilohor vordiinntc Hat^Vi -1 konzoiiiriortc (’«()) . r),S 

koiizontriorto Ha(^a04 4- vordiiiinto ((’i2H2jiI>n (’aO). <>,4 

Hohvvilohcr vordiinntc Ha(l204 ^ vordiiiinto ((V^Haaf >11 (<’a<)) . . <i,K 

Htiirkor vordiinnio Ha(M>4 -l vordiiiinto ((\2>l«<>n (<’a()) . . . 7,2 

Htiirkor vordiinnto I-l2<V>4 I Htiirkor vordiiiinto ((VjHaaOn ((’aO). 7 ,il 

Htarkor vordiinnto Ha(^2<)4 'I nUrkor voniiinnto ((\all.2at>11 ((’aO) '• 

-[■ Spur HNOa.li 

1 ) C/aioiiinimoiioHiiooharui (Liquor Haoi'liaraliiH) <‘rhiilt man 

Allfillrit^n^n diT L<mun^ 


q *> 

■>,M 

4.2 

4,<i 

r>,2 

7 *> 
7,K 
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gestellten orgaiiischen Experimento wiedergogebon: 
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(IHAPTEHX 


I)V - ^ Thoreforo wo oaii say that tho variablo factor (at ooiistaiti 

ioniporaturc) which govorna th(‘ total aoluhility of a oon- 

coiiiration of calcium aa oxalato is |H* ]. 

Pkkii<tkh (ibid, p. 71) j)rococ<lH to (lis(uiss tlu* relation of [H * ] 
to tho crystal forms of calcium oxalate and finds that the* ))ere(uit* 
age of the various (irystal forms varies with tlu^ pH ami with 
the medium. As this method ])roniises to be of some eonsidc'rablt* 
usefulness in tissue rcstsare.hos tho tabidar statement of in vitro 
results is extracted from Pfkikkkh’s paper (see pp. lOt) 101). 


These results show that whalever medium lauised tluTo is a 
large percentage of large mono<^li«i(^ ttrystals, witJi v(‘ry hnv nmall 
tetragonal crystals an<i no drusy crystals at all, formed Ixdow 
pH 5*0 (red with M.R.); while tho percentage^ and siz<‘ of mono- 
clinic forms decrease, both ])ercentage atid i^VA 0 of tetragonal 
crystals increase with im^n^ase of pH Ix^vond r>d), drusy eryslals 
ai)pearing in small proportion only at or above' pH (bO. Ahov<» 
])H 7-0 practically all the crystals are tetragonal or <lrusy. 'I’lu* 
monoclinic forms inchido raphides aiwl tlu' sandy crystals of 
Hubiaceae and yolanaoeae; while the tetragonal forms inelmh* 
the octohedral typos of crystals (dfcAVKK III p. bS). 


Temjierature changes within the plant Ix'ing slight, this in¬ 
fluence in the natural crystallisation of calcium oxalat(' in plants 
Tnay be. discounted. Then sphaero-iiggr(‘gat(*s ar<* seen to in<lical(‘ 
a pH of t)*0 or over; large moiioclinic crystals with no tetragonal 
forms a ],H of 5'0 or under; large tetragonal crystals with or 
without s])haero-aggregates with no monoelinie forms a pH of 
7-0 or over. Pkkikfkk dis(;usses the act ion of diffusi<»n on tla* 
total concentration of calcium and concludes that the zonal 
distribution of calcium oxalate crystals in ])hint' p(‘rid(*rm (st'cond- 
ary cortex) is due, not to a zoning of pH but to tlu' LiKSK<jAN(i 
ring phenomena, which controls the total concentration of <*aleium. 
He gives no new data for <lefinite plants hut sugg<*sts in his 
summary that '‘Jn the secondary corU'x of plants th(‘ n'actioii 
shows a maximum on tho acid (j)H 2*4—IbS) and anotluM* on tin* 
basic (j)H 7*2—8*() 0 flank of the jn’otein iHo-(*leetrie poiid", ami 
that. '‘The actual acidity of the cells of th(' secondary eort<'.\, 

eBi)ocially during its development.is e.outinually ehan- 

gmg”. 
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7. R.I.M. GENERAL SURVEY 

In adilition to these somewhat scattered observations there 
is tile scries of observations made by means of the R.I.M. l)y 
Rea and Small (1926). In that series some one hundred and 
sixty-four stems wereexamined, mostly flowering stems and mostly 
of different species. Sections were taken from the upper, middle 
and lower portions of each stem. The records for each ijortiou 
of each stem wore kept in detail but analysis of the results shows 
no very significant differences correlated with the portion secti¬ 
oned. Por example, the reaction was the same for all three 
portions in 102 eases of epidermis, 91 of cortex, 79 of endodermis, 
88 of pcricyclc, 89 of phloem, 156 of xylem, 65 of j)itli in the ray 
region, and 77 of central ])iih. Purtlier, taking all figures below 
])H 5-3 as acid and all figures above pH 5*5 as alkaline, the ana¬ 
lyses show no very significant variation so far as uj)per, middle 
an<l lower ])ortionH are concerned, see Table V from which inde¬ 
terminate ranges arc omitted. 


Table V 




AlkaliiK 



Acid 



Upper 

Middle 

Lower 

Upp(‘r 

Middle' 

Lower 

Epalcrniis. 

20 

31 

26 

115 

’ 

109 

103 

Suh-cpidcmiis. 

r)6 

57 

56 

84 

78 

<)2 

Cortex. 

75 

SO 

74 

64 

59 

44 

Endodennis. 

,7() 

64 

(>;i 

7S 

62 

61 

!N‘ricvcl(‘. 

2S 

32 

21 

75 

S3 

106 

IMilorrn. 

as 

17 

49 

<»S 

S6 

' SO 

. 

! ^ 

.3 

3 

l()0 

UiO 

i 159 

Pith, r;iv. 

i! 

l>S 

(>9 

63 

59 

1 72 

Pith, (‘(‘iitral. 

ii 

li 

49 

57 

53 

16 

! 33 


'riiis inv<‘sHgafion has b(*(*n <‘xt(‘nd(‘d by llwAaiul Small 
to 19.3 sp(‘ci<‘s and 203 s(.(‘ms, and the jo/lov'in(j /.s fJtr fivtsf puhli- 
ntlion of thv rrjiulf,s, which are combin(‘d h(M*(‘ with su(?h oftln^ 
first. s(Ti(*s as w(‘r(‘ not r(*vis(Ml. As bedon*, since there is no im¬ 
port a.nt. diff(‘r<Mic(‘ shown by t.h<‘ tlirec' portions of th<' steins 
us(m 1 , tlx' data for t.hcs(‘ portions have beem combiiK'd in t in* publi¬ 
shed record, th<‘ indet.erminat.<' rangers Ixung omitted. By th<‘ use 
of l)onzene-azo-«-na|)hthylanime (BAN) and broino-cresol green 
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iHi 

(BCO) the Z range j^H 5*2—4-0 Iuih hecMi .split- up in many (laaes 
into e (i)H r)‘2-~4-S), g (pH 4*4), h (pH 4*4. 4*0) or i (pH 4‘()). 

The ranges indic^aied hy o»ie Icd.Uu- rc'ftu* to easels in which t.h(‘ 

three seetions from (‘a(*h of the thr(‘e port-ions eitluT gav(* th(‘ 
same* reaction in ev<u*y s<s4ion or, hy nsuson of oin^ or mor<» of 
th(% indiciatorrt failing t.o give a dvlhiiU\ colour, one or mor(‘ of t.h(» 
Heetioim gave a wide rang(‘ while the otluu’H were d(»finite and 
the same for <%ach seed-ion. In tin* cases when' inon^ than on<' 

rang(‘! (hd-ter) is givesi t.h(u*(‘ was a d(‘finitc variation from one* 

]K)rtion to anotlu'r of the* stem, or a definite variation from c<41 
to cell in the same tissue in the sain(‘ seed.ion. When* it could lx* 
determined definitely as ceaifinesl te) the* wall, a eliffe*rent jd! for 
that part, of the cell is inelicated hy a l(*tt.(*r with a small w aelehsl 
thus hw. This distinetie)n, how(*v(*r, reejiiiies ])lasmolysiH e)r e)th(*r 
sj>e<‘.ial troatmeuit anel the* aim of this Hurve*y was t.e> provide* a 
geiUTal basis for the s<*I(*(*tion e)f d<‘tHil(*el work on [)artie*ular 
problems. 

The se)-call(*d ‘acieT range li(*s below j)H 5*!}. The so-call<*d 
‘alkaline* range* li<*s ahem* pH r)*r). This divisie)!! was, and still is, 
eonsielereel suitable fe)r a g(*ru*ral surv<‘y of |)laut t issue* n*ae*lions 
in the Angie)sp(*rma(*. It diff(‘r(*ntiat<‘s the 'aciel’ famili(*s fre)m the* 
others as d(*sc.ril)ed b(*le)vv and may in the* (*nel pre)V(* more* UHe‘ful 
than a e'lassificatie)n base*el u|)on the* hype>tbe*tJe'al ise)-e*le*e*l ric 
pe)int.s of pre)te*ins in the* living e*e‘ll. 

It- she)ulel he no1<*el that the range's re*e‘e)nle‘el re'fe'j* in me)sl 
tissue*s te) the* (x*ll ceuitcnts in ge*neral, with the e‘.\e'e*|)t.ie)n e)f the* 
xyl(*m wh(‘re the re»ae*t.ie)n e)f the* wedls e)f the* ve*sse*ls is re*e*orele‘el 
as a rule*. The xylem pare*nchyma is usually in the same* pH 
range as the ray re*gie)n e)f the pith, l)ut lignifie'el walls in ge*ne*r{d 
(.\yle*m, p(*rie!y(4e anel hast fibre*s, e*tc.) we*re^ always fe)unel te) be* 
relative*ly aeael. Cuticle* anel sube*rise*el weills were* edse» in ge*ru»rid 
‘aend*. (Je*lhde)se* as a rule* ele)e*s ne)t take* up the* e*e)le)urs, anel it is 
usually pe)ssible* to se*e the* ex*ll e*e)nte*ntH, e*xe*e*pt in small e'e*lls with 
sube*rise*el e)r lignifi(*el walls (e*. g. enele)eie‘rmis, e*e)rk, se*le*re*iels). 
Further we)rk e)n se*le*cte*el eu*lls inelie*ate*s that the*re* may be* a 
diffeu*e*ne^e in the tint give*n hy the* nue*leus, e*yte)j)lasm anel sa|), 
but- in ve*ry fe*w e*ase*s has a ele*finite* eliffe*re*ne*e* in the* kinel e)f e*ejle)ur 
boeji founel, (s(*e also (1uij)le*r AVI). 
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Table VII 

AVm tissues only 



to 
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*3h 
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*3< 
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t, 
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Endodermis jj 
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'C 

1 

Xylem 

Pith, ray j 

Pith, central 

Hairs 


Mono<*.otyleclonH 
‘acid* .... 

2 

1 

1 

1 

0 

3 

0 

1 

1 


below pH 5*3 

‘alkaline’ . . . 

5 

4 

7 

8 

— 

4 

1 

4 

5 

—- 

above pH 5-5 

Archiehlamydeac 












‘acid’ .... 

50 

45 

3() 

37 

51 

50 

07 

35 

30 

12 

< 5-3 

‘alkidiiH'* . . . 

22 

31 

30 

35 

11 

31 

1 

31 

42 

4 

/r.-r, 

ditto ■ IcsH ‘all- 
acid’ families 












‘acid’ .... 

31 

18 

11 

10 

22 

21 

07 

12 

10 

8 

> r.-s 

‘alkaline’ . . . 

22 

31 

30 

35 

11 

31 

1 

34 

42 

4 

v' 5-5 

Syrnpetahn' 












‘acid’ .... 

20 

23 

0 

12 

30 

21 

82 

10 

7 

10 

< 5*3 

‘alkaline’ . . . 

22 

34 

40 

38 

15 

30 

- 

30 

53 

10 

^ 5-5 

Totals 












‘acid’ .... 

00 

00 

4() 

50 

00 

74 

188 

40 

38 

31 

. 5-3 

‘alkaline’ . . . 

40 

()0 

05 

81 

37 

74 

2 

08 

100 

14 

5-5 

ditto - less ‘all 
acid’ families 
(30 species) 












‘acid’ .... 

02 

42 

21 

22 

01 

45 

158 

23 

IS 

27 

.5-3 

‘alkaline’ . . . 

40 

oo 

05 

81 

37 

74 

o 

08 

100 

14 

5 o 

Mixed or Varu‘<l 
Moii<)<‘()1 \ l('dons . 
.\rcliichlam\dcac 

3 

li 15 

1 

IS 

1 

21 

I 

22 

1 ‘ 

■ 22 

3 

1 1 

I 

2 

20 

1 

12 
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Syinp<'lala<‘ . . 

|iL>7 

22 

121 

28 

30 

22 

I 2 

23 

i 
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3’olals. 

[•15 

44 

1 43 

51 

53 

30 

3 

74 

1 28 

11 

! , 


Aualyfiifi of Table VI 

I^Jpi<lri'/ni.s. -- Anion^si the Moiux'ot.vlc'donw a. (Iofinit(‘Iy 
‘alkaliiu^’ st(Mn (‘[>i<l(*rinis ocxairs in Afimtia: 2/;i Lilia(*(‘ao, also in 
/jiliunt ti</rininn (ve^.)' Orehidaeeac'. Total 4/i). 

Amongst iJu' Ar(*hi(^lilaniy<loae a definitely ‘alkaline’ stern 
e|)iderniis (xxaii’s in VHi('a\ 1/5 (lienopodiaec^ae; 5/8 (Viryopbylla- 
t5eae, also in Lychnis hj). (veg.) in sun; 4/9 Raniineidaceae; 





lift 


ilHAimm X 


2/5 PapavcTacmo; 1/3 Hrmln ki)(*cu*s; 1/7 

ininoHac; LimimnihoM, VioUt, IMvra, I/S also in tla^ 

older flowering Hteni of Afdmn gravcoleNs, ^I'otnl 23/iH). In all 
other ({artOH in the Archiehlain.ydeac^ the epidcTinia of th<‘ flowcTing 
Htem iH either acid in all portionn or a1 l(‘aHt in oiu*, (»ither upper 
inhhlle or lower i)ortion of the Kiein. 

AinongHt the Syrnpetalae n <lefinit(*ly ‘alkaliiai* Ht(*in (Epi¬ 
dermis oeenrs in Phlox\ 1/3 Horngina(?(‘a(E; 3/10 Lahiatae, also in 
Hc'iMUma and t^alvia (v(‘g.); 2/5 iSolana(E(‘a<E (mostly v<»g.); 
2/10 H(irophularlaeeao, also in AntirrhiNmn.Hcrojihvlana, Mlmulm 
(v<Eg.); 2/4 (}ali(W.; 2/2 A^cahiona; 8/34 (lompositnt*, also in Av/tillra 
(sliady) 1 /2 sj)eeirnens of Matrimria and Ugpov/iotrift. Total 21/84. 

It is clmv, therefore, that on the wholes tin* (Ei)i<hErmiH <»f (h(‘ 
young flowering stem tends to be aeid; with the v(Eg<*tative stem 
(jf the same plant showing ndative alkalinity in a nuinl)(‘r of (•as(*H 
(<jp. Seropliularia<^eae). The (5omparativ(Ely f(‘W inono(totyl(EdonH 
examined show no definite tendemy for the (EpidiErinis; tlu^ 
Liliaceae tending slightly to be alkaliiUE and th<E ()rehidae(Ea(* 
to bo acid. 

Sub^epidennift, — This tissue is usually very similar to tin* 
cpidonnis in its r(‘aetion and wlum th<Er(E is variation it is towards 
the relatively alkaline ivaetion of th(‘ und(‘rlying eorl<EX. 

(^orU'x. — This tissu(E in the flow(Ering st<*in is mon* frccpUMitly 
alkaliiUE, in the following grouj)s (t.h<‘ figunEs give tlu^ ratio of 
species with definite alkalinity to those with d(‘finite acidit\, 
indeterminate ranges being omitted): IJliacrae 2/1, Monocot n 1<‘- 
(ions iyi; Clmnopodhuteae 3/1, (Jaryo])hylIae(‘a<* 5'1, lianiitiru/us 
4/1, Uanunoulaceae 7/2, Paf)averae(Eae 2/0, ('rnciferat' 7 I, L(*gu- 
niinosac 4/1, lJmb(‘Hiferae 5/1, Labiatiw* 7/3, S(U‘opImlariaccac 3 2, 
CJalieae 3/0. Valerianaooae 2/0, I)ipsae.(Eae 2/0, ('onip<)sita(‘ It) 3. 
Otherwise it is mixed or ackl, if single r(‘pr(EH(Ent.ativ(‘H of famili<‘s 
be omitted. 

Eyidodermia. — This tissue is mon' fr(*({u<Ent ly ‘alkalim*’ in 
Liliaceae 4/1, Orehidaeoae 2/1, Ohenop()diac(Ea<E 2/1, faryo- 
})hyllaceae 5/0, Rammcnlm AjK), Raiiun<nila(^(*a(* 0/1, Papav(Erac<‘a<* 
2/0, (Vuciferac 7/1, Leguminosae 3/1, Umbellif<‘rae 5/1, Labiatac* 
0/3, i^olanum 4/0 (veg,), Valorianacjcae 2/0, I)ipHac(*a<E 2/0, (\)in- 
positae 22/4. 

Pericycle. — This is ‘acid’ in all the Monoeotyh’idons ('.xamiiuEd 
and also in the largo majority of the Dicotyledons, It is sonu‘t.imes 
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•alkaline’in Labiatae, e.g.Lamiumi also in Solatium 3/0 (vog.); 
Valerianacea© 2/0; Dipsaceae 2/0. 

Phloem. — The contents of the sieve-tubes are more fre¬ 
quently ‘alkaline’ in the Caryophyllaoeae 6/0, Ranunculus 3/1, 
Uanunculaceae 5/2, Papaveraceae 4/1, Oruciferae 5/2, Labiatao 6/3, 
Valerianacoao 4/1, Dipsaceae 2/0, Compositae 19/9. 

Otherwise ‘alkalinity’ occurs only in scattered cases. The 
‘acidity’ recorded in some cases is the virage given by the walls 
which may show ‘acid’ with ‘alkaline’ contents but in a largo 
number of species a degree of acidity corresponding to pH 5*2—4*8 
is found for the sieve-tube contents. 

Xylem. — Tn all eases lignified walls in the xylom and elsowhore 
give an ‘acid’ virage indicating an acidity corresponding to 
pH 4-4-4 •0 or even lower to 3*4. The truth of this virage as an 
exi)ression of pH has been questioned, but the evidence in su])port 
of these colours being an indication of acid strength is more or 
less conelusivo. When the lipoid error is considered (see p. 30), 
a definite colouration apart from the neutral tint of the indicator 
is seen to mean something. Neutral oils take u]) the neutral tint 
from both a(5id and alkaline aqueous indicator fluids; so that 
when wo find the xylem walls showing a series of indications acid 
or alkaline a(?cording to the indicator used the virage can bo taken 
as true. The series which show steadily acid, even to the low'cst 
indicator have not the same evidential value, but it will be seen 
later that tissues, walls, which show this extreme acidity ])ass 
ilirough a stage of lesser acidity during their <ievelo])ment and 
maturation. Th(» virage indicating the still greater acidity of 
matur<‘ walls would apjx'ar to Ix' as triu* a nu-asurc' of acidity 
as tliat of ininiatiin* walls which show ‘a,ci(i’ to soin(‘ indicators 
and ‘alkaliiK*’ to oMkm’s (sc<‘ ('haj)t(‘r X \'111, for a. discussion of 
th<‘ |x>ssil)lc significance* of tfuvst* virag(\s). 

Anotlu'r |X)int- of interest 1h*s in tbe evidence here presenti'd 
upon the generalisation by I’uikstlky (1928) that (lamhial activity 
ta.k(‘s phi(i(* wh(‘r(* th<‘r<* is a ])H gradient, as from acid xyk'ni to 
alkaliru' phhx'in. From the above summary it will be seen that 
th(^ .xvkun is almost- uniformly around pH 4*4—4-0 or more acid 
and that t his is a wall-acidity. A few records are given of ‘alkaline’ 
cell cont.(mts but. t-lu'se refer to the xylem parenchyma or to the 
mdignified vessel walls as in the. liyp<x*.otyl of the ivy (q. v.). It 
will be seen also that the phloem is sometimes relatively alkaline, 
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pH 5*0—5*0; that KoinotinK^H it m m‘<)r<Io<l as Z, in tht* wide 
range pH 5*2—4*0; and that when the Z ratige han l)<*en dividt'd 
tlio phloem ia frecpionily e (pH 5*2 4*S) whih* th(‘ xyl(*in wall 
ia g or h (i)H. 4*4—4*0). Th<‘g<‘neral pH gradh^nt between phloc'in 
and xylein varies therefore from 1*5 to *4 in <*xt(Mit. Widle tin* 
larger gradient might. poHHihly have a phyaiologienl Hignifienn<*<‘ 
in relation to eamhial aetivity, it Heenw <louhtful wln*th<T tin* 
Hmaller gradient eoul<l have any aueh effe(*t. This theory is, of 
(jonrHo, based upon e(*rtain suppositions (‘cmeerning tin* iHoel(*t*trie 
points of proteins in living eells, ainl th<u‘<* is <|uit(* a larg<* bo<|y 
of faets whiesh indieate that the proteins of living <*<*11 hav(* no 
definite isoeleetrie jxdnt at all. That t his is so should bt* d<*finitely 
taken into consideration in any aj)plieation of tin* fa<*tH giv(*i» in 
Table VI to the support of such Hpe(‘ulnfionH. 

PitAj my, — 'Flu* medullary tissue in tin* ray r(*gion is more 
frequently ‘alkaline’ in the <’henopodiae<*ae 5/1, (’aryoplivllac'eae 
4/0, 5/1, Ranuneulaeeae 0/2, Rapav(‘rae(*ae 5 0, Le- 

giuninosae 4/0, Labiatae 5/1, Herophulariae(*a(‘ 5 1, <i}nli(*ae 2 I, 
Valorianaeeae 2/0, (-ompositae 12/5. ()tln*rwis(* it is a<‘id or 
varies from the uj)per to the lower j)orti{)n of tin* Ht«*in, single* 
rei)reHentatives Ixdng omitted. 

PUh,c(‘nfral. — The eentral meclullary tissue* is more fr(‘<|U(*nt ly 
‘alkaline’ in (’henopodiaeeae 4/1, (Wyophyliae’cae* 4 0, lUiHunntht.^ 
5/0, Ranuinuda<x*a(* 5/1, I^ipav(*rHe(*a<* 5/0, (^nieif<*rae 5 2, L(*gu- 
minosae 5/1, Umlx*Ilif<*ra<* 5/1, Boragina<*<*a(* 2 1, Lahialae* 0 0, 
Solanaeeae4/0 (veg.), S(*rophulariaeea<*7J, (bdh*a(*2 I, Val<*riana 
(leae 2/0, I)ipHae.<*ae 2/0, <’omposita<* 22/1. 'Fhis lis.sue* is .s<*en 
to be very generally alkaline, ex<*.(*pt in tin* acid famili<*s (‘mum‘ral<*(l 
below. 

Haim, — In the re-investigation of st(*m tissin* n*aetions tin* 
hairs of a number of species were (*xamiin*<i. These* we*r(* more* 
fre(|uently of j)H 5*2~-4*8, sometinn*s e)f pH 1*0, giving 51 

species with ‘acid’ hairs; in semn* eases tin* pH was higln*r 5*0 r>*(> 

e)r 5*0 giving 14 species with ‘alkaline' hairs, lull sjx*e*ie*s hairs 
of two kinds ‘aeid’ and ‘alkaline’ W'e*r(* fe)unel on the* same* steams. 

SUMMARY OF TIIK RRAOTIONS OF FAMILIKS 

Apart from the tissues which are more normally ‘aeiel’, (*. g. 
epidermis, perieyele and xyleni, tin* tissue inass<»s e)f tin* young 
flowering stem show a general alkaline t(*nd(*uey in tin* Me)no- 
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cotyledons (see Table VII). In the account of the first scrios <jf 
these observations (Rea and Small, 1926) the Arohichlamydoao 
were apparently more alkaline than the Sympetalae, but further 
investigation of a larger number of species has removed this 
distinction. The proportion of ‘acid’ to ‘alkaline’ species for any 
])articular tissue is remarkably similar in the two groups, even 
in the hairs of the stem. This result shows best when the ‘all¬ 
acid’ families are deducted (see Table VII). 

The following families may be considered more or less ‘alkaUnc’ 
as regards these tissues, cortical and medullary, of the flowering 
stem (so far as tliis extended series of observations goes) — Cheno- 
l)odiaceae, (Jaryo])liyllaeeae, Ranunculaeeae, Papaveraceae, Legu- 
minosao, Labiattu*, Sero])hulariaecac, (Jalieae, Valeriauaeeae, Cbni- 
positae; also in so far as cortex and central juth the (Vuciferae 
Uinbelliferae, IHpsaceae, All these, except the Uiree in italics 
w(^re mentioned in the first analysis (Rea and Small) but further 
work has shown the CJompositae to be decidedly more ‘alkaline’ 
tlien ‘acid’. 

(Vrtain families even on further investigation, sliow decided 
‘acidity’ extending througii all or ])ractically all the tissues of 
the young flowering stem and, where the leaves have been exam¬ 
ined, this acridity shows also in other parts of the plants. ^Fhese 
families are Polygonaceae; Orassulaceae, Saxifragaceae, Ribesia- 
(u^a(i and Rosaceae; (ileraniaceao and ''rropaoolaceae; Cactaceac^ 
It is interesting to note that all these ‘acid’families occur in tiu* 
Art^hiehlainydeae and that no imlieation of a generally acid family 
has so far been found amongst the Sympetalae. An unimportant 
|)oint. of SOUK* interest is the g(*neral alkalinity of lAnnHiuihcti 
Doa<jl(tfiii . This giums was removed from the (ieraniae(».ae uj)<)n 
a rather obscure difference in the orientation of th(i ovuU* and 
])laeed in the Sapindales. The present work shows the (Jcraniaccao 
and its allied families to be of an ‘acid’ tyi)e, differing fundamen¬ 
tally in cell reaction from the genus Lhananthea. 

(Vrtain species in other families also sliow this same general 
‘acidity’ of all tissues in the flowering stems examined — e. g. 

niaralata, i^henopodinm album, TroUiva curopaeus, Brthssira 
ratupcfitri.s. Reseda luieola, Vida faba (flrg. stem on\y), ArnpeloptSis 
hedcraeva, Euphorbia, lif/pericnvi quadrantjulum, Primula vulgarift, 
(UiljfMvgia ,sepiunt\ also Rrutrllaria galerimlata, Halvia offichialia, 
Mentha viridiu, tAolanum dulcamara (flrg. stems only); Veronica 
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chammclrip, Shrmrdia Tannvvimm vidgarv, VuiruH luncv(h 

latus. 

The clone relationnhip of Home of th(‘ 'acid’ familic^H iu<li(?at(‘K 
Homo general ])hyHiological relationnhij) analogoim to tlu^ Hiructnra! 
siiuilaritien. At th(^ same tim(* tlie acidity of the Polygonac.tMU' 
luiH poasihly a different origin to that in fh(' Ronalc'H ph^xirn, 
altlioiigh that of tiio acidity of the (JeranialcH may he of RoBaliaii 
origin. The aeddity of HueeulentH, Ixdli Htenm ami haivi'H, v, g, 
(Uct^acjcae, (IraHHuhuu^at^ Mi^Htmbryitnthemmn, Klvinht, Hmvorihia, 
etc., is well known, but the alkalinity of HalHola Kali indieatcH 
clearly that Hucciulonee and aeddity have no exeluHivc^ eauHal 
connection, a eoncluHion which is confirmed hy the ahHcmee of 
Huccnlence from many of the generally ‘acid’ npcMdc^n, e. g. Patvn- 
tilla pahistris, Qmmium rohvrtumuni. I’liert^ may wtdl Ix' a. halo- 
])hyti(5 Hucculeiujc an in f^alaola; and an aeddic huccuIcuhx^ wh<*r<' 
the acid is citlu^r a by-product of, or a Htag(‘ in, one' or mon^ 
peculiar variations of motaholiHm. 

In any case this g<‘neral Hurvey of sUmi tissiu's is Huffi(d(‘ntly 
wide to show the great variation from fanuly to family, or gt'inis 
to genus, or even in some cases from Hpo(d('s to Hp(Hd('s within 
the same genus. The few vegetative stems inclmh'd show suffi(d(‘nt 
difference from the flow(Ting steins of th(‘ sanu' plants to indicat<‘ 
that generalisations eoiuierning hydrion concerntration in ndation 
to the physiology of plants must h(‘ vesy candully (‘xamimMl in 
relation to tlu' axd.ual facts and variat ions already ohs(‘rve<l. 

Additional data ar(‘ given in Appimdix III. 



CHAPTER XI 


VARIATIONS IN REACTION - DIURNAL AND 
SEASONAL 

1. Diurnal, uon-succulont. 2. Diurnal-succulent. 

3. Maturing changes. 4. Suniiner and Winter changes, 
(a) tSt(uns. (b) (iyniiK)S})cnn Loaves, (c) Angios])erni Leaves. 

The tissue reactions (pH values) recorded in the previous 
cha-ptcr show quite clearly that the metabolism of plant s])ecies 
varies. The type of metabolism may bo characteristic of the 
grou]), family or genus, or it may vary within tlie same genus or 
evcni from part to part of the same ])lant. We liave now to con¬ 
sider such variations in j)H as have been described for the same* 
tissue and it is convenient to divide these into (a) diurnal variations 
in ordinary ])lants and in succulents; and (b) seasonal variations 
associated with maturation changes, or with summer-winter 
changes in plants which are green more or less all the year round. 

1. DIURNAL VARIATIONS IN NON-SIKUULENIS 

As j)r(‘viously mentiom'd Roirnic (1017) deicHded diurnal 
variations in Np/’/va/ym, Using a H-ehadi‘od(‘ method he found 
the sa]) was of pH ()‘73 during the night and fell to pH 5d)—5*0 
during the day. Mcdhyl red is described as yellow to ‘'schwach 
rosa” during the night ai\d red to ‘\scliwaidi blaurot(d’ during 
the day. He also records that the ej)idermis of (tarnation and 
tulip flowers showed a similar acidification in the light. 

Tiukx; (1010), using clover, alfalfa, soybean and biudiwlnait, 
found that, the jui(H\s of plants (uit in the morning were g(merally 
mor(‘ acid than thos(‘ of f)lants cut in the afternoon. ClkvkN(JKK 
(1010) using a. cand'ul H-(d(‘(d'ro(l(‘ method found that in th(‘ 
leaves and st-(Mns of tJie c()w-])ea Hie pH ris(‘s during the afternoon, 
falls during the night and readies a minimum in the morning. 
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Haas (1920) on ilic other hand reconls a higher p!l valn<* for the 
juice, of corn Hee<ninf(H with a reduction of n<»rnml illumination. 

Horo (1022), using niah, various strains of H<4<l Y(dh»w 
Dent, and an eleetrometrie method on expn»sH(‘d sap fouinl an 
iiTogular variation in morning and afternoon saps, 
pi I valuoH for Morning . 5*08 5’ri*| A'UO r»*r»r> r>'U9 r»’r>2 5*4S 

various strains Afternoon . 5'B8 5*01 5*58 5*50 re4(I r>'r»r) rr4*l 

‘'Kvi<lently th<^ diurnal change in acidity, r(»jK)rte<l in !mu\y 
plants is not niarkeci in <iorn grown uiuhn* these* <‘on<lil ions.” Witli 
wheat the. same worker (Huiti), 1024) di<l, ho\vev(*r, fiml clear 
evielenee of a fluctuation in wheat sap pH valuers f(»r morinng 
(lower) and afternoon (higher), without any eorr(»sp<»n<ling fluc¬ 
tuation in the total a<ndit.y. 

Total acidity is frecjuently higher in the morning than Iat<*r 
in the day (see CV^ackk III, p. 102): this has heem not(‘d als(» for 
algae in the tidal 9:on<* ((h.AUK, 1017). 

3. DIURNAL VARIATION IN SIK II LKNTS 

(liTSTAKSON (1024) noted variations in pH in lirtfoph ijllnin 
cali/rinu7N, He found t hat, on a (doudy <lay t hen* was a pH gradi<‘n( 
in this plant, the oldest leaves having the high(*r pH valuers and 
the youngc'st leaves the lower pH valu<‘s; while* on a sunny day 
th(^ pH gradi(‘nt. was r(*v(»rs(*d, the old<*st h(*ing low(*st ami the 
youngest, highest, in pH valu<*s. It. is sta.t<*d that on a <’lou<ly 
day a de<!rease in pH was asso<*iat<*(l with an incr(*as(‘ in total 
acidity; while on a sunny day th<*rc was no corn»lation l)ctu<*<‘n 
pH and total acidity, but see below and figun‘s M lo. (Jcstai-son 
(1024) notes the earlier observations by Hkynk and others on 
changing acidity, then writes “As far as tin* writ<*r is auan*. tin* 
fluctuation in H-ion (?oncentration has not b<*(*n r<‘por((‘d b<*fon*." 
This a})pearH to be tru<* for Jiri/ophj/llton, jdlliough I'ki oc, 
DLKVKNUKRand Haas had not(*d a similar fluctuation in tin* pH 
of the juices of ordinary crop plants (see above*). Lat(*r ( 1020 ), 
(jIustakson reported in more detail. He found that juice* e*\pr(»ss(*d 
from the young j)arts of llnjophyUnm sliow(*d no change* in pH 
on boiling or on standing for several elays, l)ut. that the* (*xpre*s.s<‘d 
juice varied with the time of day or wdth the* illumination vvh<*n 
the juice was collected. Figure 14 shows typical r(*sults fe)r a. sunny 
day and figure 15 sliows the different results fe)r a cloudy <lay, 
presented so that comparison is easier than with Dustakson’s 
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figures. The second experiment (fig. 15) was started at 4 a. m. 
(pH 3*82) and carried on to 10 p. m. The experiments of which 



11. Diurnal variation in actual and total acidil^v in HnjophjfUum 


(after (InsTVKsoN.) 


Na cc N(l oh 0,1iSS /V- lOcc sap 



Kit*. 1"). Diurnal variation in actual and total acidity in ItnjniHujUnmn with 
a cloudy dav, showiin^ lack of correlation. (afttT (1 I’st\fson.) 
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fig. 14 iH typical aro the only rc'<u)nlB of the j)!! of any plant 
throughout a twenty-four hour period and an such have a Hpi‘eial 
value. 

From thewe eurve« it will he Been that under sunny (*on<litionH 
an iiuirease in actual acidity (deereuHe in pH) is aHKo<*mted with 
an increase in total a(*.i<lity an<l viev vrmr; hut uiuler cloudy con¬ 
ditions the. pH and the total aeddity an* not <*orrc»lat<»<l in the 
same way. This from (Justafhon (1020) is th<‘ reverst* of what 
is stated in his (1024) paper, e. g. “on a (dear day, t[u‘r<* was no 
relation between H-ion concentration and total atdd,'’ 

The phenomena appear to he complex and to involv<* at h^ast 
two limiting factors. Bright light n^diuies both niduul and t<»tal 
acidity, while less bright light appears to redu(*e aetuid acidity, 
without affecting the total acidity. The variation in pH is eon- 
trollcd, therefore, by (a) the tohU concentration of acid and (h) 
some other factor aj)])Hreutly eonnect(‘d with tht» metahoHsin of 
the living leaf, posHil)ly th<‘ type of acid or hiifbu* syHt<un pnKlu(*<»d 
during medium illumination. In this coiuuudion th<* (diang(»s of 
dilute malic acid in sunlight (Spokhk lhI3) into oxalic, gly(‘olIic, 
formic, acetic and carbonic acids may he of significamu*, siiu‘<‘ 
those acids have different dissoohition exponents and would altiu* 
the pH without, in the case of oxalic, affi‘cting tlu» amount of 
titratable acid present. It is, liowever, improhahh* that in /h\//o- 
phyllum this simj)lc explanation is availahh', sinc(» (Justafson 
finds that the acid sap ('xtracted from liryophiillum is unaff(Hd<*d 
by light during four days exfKwiire und(*r varying conditions, 
and is unaffected also by oxygcui supply. 

Gustafson (1025) also gives a number of similar n^sults for 
shorter periods and for plants i)la(?ed in t.h(‘ dark for varying 
periods. In continuous darkness over a jx^iod of fift(*<ui days tin* 
pH falls to a minimum about i)H 3*7 in the first, thive days, risers 
to about pH 4*5 on the sixth day and t licT(*-aft(U’ is mon* or l(*ss 
constant about j)H 4*5 (fig. lb). 

The actual tissues of i]m Bryophylhnn leaf hav(' Ixxm (exa¬ 
mined here by Miss M. J.Lynn using the R. I.M. (unj)ui>lislu»d 
work). The data involve only a few pH vahu's, thus nxl DKR- 
yellow MR — pH 5*6 c.(i\ red MR-green BGG pH 5*2 4*4; 
pink BAN-green BCG -= pH 4*4 cu; yellow HGG-blue BPB pH 
4*0 ca. Throe of the four ranges are limited and by taking th<‘ 
range 5.2—4*4 as indicating something about the (diange point 
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of the indeterminate BAN, i. e. pH 4*8 ca we can graph the results 
and compare them with those found by Gustafson with the Bryo~ 
phyllum in continuous darkness over a period (figure 16). It will 
be seen that the lower pH values found by Gustafson did not 
show in Lynn’s material, but the previous day was probably 
cloudy in Belfast. Otherwise the results are in very close agreement, 
with a shortening of the general period of sway and a considerable 
variation in the period of sway for each tissue. The acid mucilage 
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cells oc(*ur in tlu' liypodcrniis and bundle sheath and remain 
pH 4-Ora all tlie time. Oitstafson’s data for tlie juiet^ represent 
an av(Tag(* of all th<‘ tissties in the leaf. Miss Lynn usitig the 
II.I.IW. found t.h(‘ diurnal variation to be of a similar ranges 
|)assing to pll 5*0 ra in the afternoon for all tissues oxcc])t xylem, 
)>hloem and the mucilage (h^IIs. 

As (JusTAFSoN points out the phonomonon of changes in 
sourn(‘ss and total acidity in Brytyphyllmn had been reported 
up(»n previously by Heyne (1815), Link (1820), Mayek (1875), 
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KftAim (1883—80), Warbukcj (1880 -88). («<*<• nl«<> p, 82 aim! 

Riohakds 1915 for litonituro.) 

Oihor HiKiCUloots litivo ailso oooupiod ait<‘ntion from am (»airly 
period. Ahtkuo (1903) is pairtioularly good on the' dieinoil vairi- 
ait.ions in totail aioidity of siKUMih'nts aind other plants, hut f(‘\v 
n^ciords of diiinuU variiitions in pH airo avaiilaihlo. Unwiii.A (1027) 
gaivo some aidvanoo daitai auul in (1928) gave* ehdails for Opuntia 
pluimvaniha, The' pr('ss<*d sap gave the following values . (PO 
ix. m. pH3-5--;P8; 5*45 a. m. pH 1-4; 8*30 a. ni. i»H4-5; 2’30 
p. rn. pH ()*0; 4-0 p. r»i. pH 5*5. Thosa' sap sample's we*re* not all 
eleirived frewn the same' plaint nor worei the pH value's de'te'rmine'd 
ais ai series; thei daita are iiiedde*niail te) an inve'siigation of the' re'gu- 
lation e)f the externaxl pH by eaictus tissue, Ulkhla alse> staite's 
thait Jihmim widulaium shows a similair eliurnal pe'rioelieity in 
pH; tile’s ee'll saxp from thei le'aif paivnehyma being ae'’<l in the' 
night and l(\ss aiedd in the afte'rnoon. 

HkmiuoIj (1917), howeve'r, give*s a lairge numhe'r e>f data for 
the expressed juice oi su<!0iilents whie*h haid be'e'u e'xpease'd to light 
or thirkness for various periods. The'se maiy he* taikt'ii ais studie's 
in diurnail vairiaitiona, and will he' found in ('hapt<*r XV, which 
deals with siujcsulcnts ais a spe'ciail ease. The g(*n<'rail arraingt'ine'nt 
is aigain lowe'r pH value's from ehirkene'd plants and high<*r pH 
value's from plaints e.xpose*d to light. 

So far ais the r(*<*ords aivaulaihle* indicate, we* have* the* aie'tie»n 
of liglit with a ge*ne*rail teneh'iiey towarels inere*asing the* pH of 
plaint tissue's; this aigrc'e's with the e)hse*rvatiems e>f VVkhkk, Se'.vuTii 
aind Savkk em guairel-ee'll pH value's, hut the* eahse'rvaetions lay 
RemiifK em l^plrogijTn ainel by Haas em e*e>rn se*e'ellings ineiicaite* a 
decrease of pH with gre'aite'i* illiiminaitiem ear am ineTe*ase* eaf pii 
with less illuminaitiem. (hisTAKse)N amel othe'i-s have* adse) ne>teMl 
a lower pH in the meirning aifte*r a previeaus sunny elay tham afte*r 
a dull daiy. The avaiihihle feieiel su|)])ly ai|>|)e*ars tea he* invedve'ei, a 
suggestion whiedi is sup[K)rted by the me*tahe)lism eaf sue*(*ide‘nts 
aind by OusTAKSeiN’s recorels fear Bnjophtjllnw in e-eantinuous 
dairkncss. Roirow’s result maiy he a euniseepienee' eif a leaw nu'tahealie* 
activity in Spirogyra, giving am inere'aise'el au*iel e^onte'iit only 
during axetive jihoteisynthesis axnd something like* the* rise* in ai si.\ 
days starved Bryophylluin during the night in this ailgai. Haas's 
result (1920 pp. 304s(i(i.) with corn seedlings, gr(*e*n auul (*tie>late*<l, 
is in the same sense. Young (lOdaiys) seeellings sheaw a Hmadle*r 
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difference in pH (juice) between green plants and those etiolated by- 
darkness, than do older (13 days) seedlings, while the older (more 
efficiently metabolising ?) seedlings show a lower pH value than 
the younger seedlings throughout. 

Hukd’s (1923) results with vigorous and stunted growths 
of Zm mais may also be significant in this connection. Vigorous 
plants showed a correlation between pH and total acidity, and the 
pH of loaf sap (5-42) lower than that of stem sap (5-51); while 
stunted plants showed no correlation between pH and total 
acidity, and the i^H of leaf sap (5-43) higher than that of stem sap 
(5-19). 


3. MATURING CHANGES IN REACTION 
Leaves, The observations by Haas, Gustafson, Mxtkekji 
and others of a gradient in pH from young leaves (more acid) to 
older lower leaves (less acid) might be taken as a maturation 
change involving an increase of pH with age in leaves, but the 
reversal of the gradient in BryopKyllum on a sunny day (CUistaf- 
soN 1924) may indicate that this change is controlled not so much 
by age as by enviromental conditions. Age might well be the 
controlling fa(d.<)r under iiKHlium illumination, while light may 
be the controlling factor when it reaches a certain degree of intensity. 

Shoots. Huiii) (1924), using an electrometric method on 
several varieties of wheat found that in general the ])H value of 
t.h(‘ sa}), tak(‘n at the same time of day, remained more or less con¬ 
stant for about the first three months and that this period is 
followc'd by a d(»(Teas(' in pH assoiuated with tlu^ pn'-riixming 
stag(‘, a. r(‘lativ<dy low pH valu(‘ Ixung maintain(‘d during the 
flow(‘ring and lat(‘r stag(‘s, Th(‘ values for th(‘ diffenmt vari<‘l.i<‘s 
vary (ionsid(M*ably, but- for t.h(‘ (‘arly months of growth the va.lu<‘s 
usually lie between pH (>•3 and pnr>!», whil(‘ in the lat(T stagt‘s 
they fall to pH 5'(). Excei)t in two or t hree of tlu^ many r(H*ords 
the <u)nst.ant early pH values are not correlated with an observc‘d 
r(‘gular decrease in total acidity from tin*, second to the sixth 
wtM'k, but. t.h(‘ later fall in j)H is correlated with a later rise in 
total acidity, ^rins ris(^ in acd-ual and total acidity in wheat is, 
according to Huhd, associated with the rate of drying ratluT 
than with In^ad formation or kernel d(‘velopm(Mit. 

In a lat(n* |)a.p<‘r the same worker (H urd-Kakkicr 192 S) 
giv<ss for wheat juice the following data — 

erot«i)laHMm-Monc)}»raj)liit*n II: SiimU 9 
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V.HAimni XI 




pH value 

Ago in We'clcB 

Stage* 

tfeMikin Wheat 

White* Ode'Hsa 
Wh<*eit 

12 

shooting 


5-74 

13 

shooting 

5*77 

r>-«i 

U 

shooting 

5*77 


15 

shooting 


5-74 

15 

h(*adH in hoot 

5-74 


15*15 

h(*ading 

5-78 


10 

he*ading 

5-74 


10 

shooting 


5*81 

17 

heading 


5-73 

17 

flowering 

5*77 

5-85 

18 

late flowering 

•• 

5*77 

18 

kernels-milky 

5*70 


10 

kernels-mitky 


5*73 

10 

ke*riu*ls Roft dough 

5-71 


20 

ke^nu'ls soft dough 

5-00 

5-83 

21 

korne'ls soft dough 


5*55 


Tho iitratablo acid during the maturation |)(‘rio<l in<T<‘as(‘d 
in both varietioH almont regularly, in ee. N/2() NaOIl, from ()*2 to 
11’O for fFfiJNKiN and 7-8 to 14-7 falling to IIM in th(‘ last Htag<‘ for 
Whitk OdcHHa. Tho maintenaneo of the pH within narrow limits 
during this rise in total acidity is attribuHah with a eonsidcTabh^ 
degree of probability, to the effieiemy of th(» buffcu’-systtuns 
present. In fa<^t, it appears to tiu' writtu* that many of th<‘ r(‘eords 
of pH values (especially bcdiwecui j)H 5 and pH 7) for plant juiei^s 
are to be correlated with metabolic ehangcss in Hie iniffer'Systenis 
ratiior than with increased or deereasc^d producd.ion of aeids. 
(ilivcm an inactivation of jiart of the buffer system, by utilisation 
in the cytoplasm or otherwise, the pH would change* without the* 
prodiKitioii of a greater or a lesser quantity of actual acid, the* 
dissociation ratios of which would vary with the* eone<‘ntrat ion 
of the buffer’ system (see jip. (>0 and 73). 

Otluw maturing e}iang(*s in particudar tissue's heading to 
lignifieation and acidification in walls or IcMiding to a el(H‘re*ase* 
in acidity in chloronchyma are mentioned in (^lajiU'rX and also 
below (pp. 148, H)5, 190). 

Fruits, Using the hydrogen-edeet.rode*, which is not s\d)je*et. 
to tho carbon dioxide error afte^r the first de‘t.erminat.ion of this 
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series, Bartholomew (1923) obtained the following pH values 
for the lemon at different stages of maturity — 

Dates 1920—21 Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July 
Stylar End . . 4*46 2*91 2*64 2*64 2*60 2*67 2-33 2*30 2-23 2*29 2*29 
Stem Etui . . . 4*40 3 08 2 71 2*50 2*64 2*54 2-36 2*33 2-27 2*33 2*33 

Bartholomew notes that the total acidity of the lemon increases 
with age but the actual acidity varies little after the lemon has 
reached a diameter of about 3*8 cnis. An efficient buffer system 
is indicated at an early stage (sec lemon j nice curve, fig. 28). Hempel 
(1917) recorded a similar reaction for lemon juice, pH 2*19—2*25. 
Lime juice is still mor<‘ acid, <pu)ted by Atkins (1922) together 
with an unnamed Indian berry, as ])H 1*7. 

These results are amongst tlie few determinations of pH 
valiums for plant juiees whicli may be regarded as something more 
than residual values (see j). 86 and 132). 

(JiTSTAFSON (1927) made a similar study of the pH of the 
tomato (floHN Baku var.) during its ripening. He found that tlie 
pH of th<‘ juicu^ gradually fell to the fifth week atul then rose 
sliglitly; while the t-otal acidity fell slightly during the first three 
w(‘<‘ks and tluMi rose towards the fifth we(0<, falling again with arise 
in pH (r)th - -7th wc(*ks), ami rising slightly with a eontinued rise 
in |)M during the 8th we<‘k. Tliere is thus some eorrelaticm of 
pH and total a<u’dity, hut during the 1st—3rd and 8th w(‘<'kM tlu^ 
e}uing<‘s a.n‘ not. <*<)rr<*la.t.(‘<l. 'l'h(‘ pH figiirc^s arc‘ giv(Mi graphically 
and are approximately 4*9, 4*9, 4’8, 4*2, 4*3, 4*35 for th(' 1st., 
2nd, 3rd, r)th, 7th and Sth weeks resp(‘(*tiv(4y. (Iustakson nol.(‘s 
t liat. low ,>ll vnl ii<*s an* aHs<)ciai<‘d with tin* jx'riod of rapid growth, 
and wis<*ly stat(‘s '‘wli<‘th(*r it. is tlu* cause* of the* rapid growth 
or t lu* n*sult, is a. <|U(*st.ion which the* writ.(*r is ne)t re*aely to answe*r.” 
I'he* le>vv pH value*s may he* m*itlu*r cause* ne>re‘ffe*ct but. e()nce>mita.nt 
j)h(‘nom(‘na, se*e* “pe'ntewaii m<*taholisnr’, (4ui|)t.e‘r XV. 

Seeds avd (ienn i n atiov. 

Deleano (1909) fe)und an ine*.rease of acidity in the sap of 
/{i.rifiu.s rotniNHuifi up to a maximum on thceughth day after germ in- 
ation l)(*gan. Miller (1910) found an in(tr(*aH<* in freu* fatty aead 
in t he* hypo(a)t.yl e)f HelianihuH anmvns on ge'rmination. E<jkbks()N 
(It) 13) fe)und an iner(*as(*<l total acidity in the hypocedyl of several 
H|)(*ci(*s e)f (WataetjHfi with after-ripening. Hjcmimal (1917, p. 116) 

()♦ 
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CHAPTER XI 


gives for lupine seedling juice the following electrometric data 
which show an increase in pH with age — 

19 days pH 5-78, 20 days pH 5*93, 22 days pH 6-03; but 
the total acifhty also shows a regular increase thxis, in terms of 
cc. N/5 NaOH to the litmus point, there are — 

19 days 3‘65, 20 days 6*51, 22 days 7*48. 

Rose (1919) found an increased actual acidity (2*00 X lO”*^ 
rising to 1*18 x 10"^® or pH 6*7 to pH 5*93) in Tilia americana 
seeds with after -ripening. JoNis (1920) finds an average of pH 
8*336 for dormant seeds and an average of pH 7*909 for after 
ripened seeds. Rose’s method was to grind 20 seeds with 26 cc. 
water and add 100 cc. to the liquid produced; while Jones ground 
two embryos with 1 cc. distilled water and then added 6 cc. distil¬ 
led water. Jones noted that the fluid became more alkaline on 
standing. Both workers used H-electrode method on the fluids 
obtained. Soabth (1924) determined the pH of freshly distilled 
water, using a potentiometer and found values around pH 6*5; 
while pH 7*1 was obtained by boiling off the carbon dioxide in 
a silica vessel. In view of this fact, the results obtained by- Rose, 
Jones and others — using the method of grinding and extracting 
with distilled water — are to be regarded not as determina¬ 
tions of actual acidity of natural juices, but as data concerning 
residual reactions after the sap has been mixed with a solution 
of carbon dipxide in water (pH 5*6 ca.) and treated in a hy¬ 
drogen electrode with a stream of gas which removes all the 
carbon dioxide both from water and from sap and reduces the 
substances of the aqueous extract until an equilibrium is reached. 
These data are, therefore, aleatory and very difficult to explain 
unless all the circumstances are detailed. 

Haas (1920) found an increase in total acidity with ages 
(10—13 days) in corn seedlings as did Hbmpbl for the lujsino, l)ut 
he also found a decrease in pH (about 6*8 to 5*3) instead of a ris(% 
(6*78 to 6*03) as Hempbl found in the lupine. As both sets of 
data are electrometric the differences are probably not signi¬ 
ficant in relation to the living tissues on account of the errors 
of the methods. 

Pack (1921) using “Clark and Lubs indicators” found pTf 
values for various parts of Juniper vsoeds, ston'd for various 
periods thus — 
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pH of seeds during after-ripening, stored at 6® C. 



Dry 

30 days 

60 days 


endosperm. 

4*6—6*0 

4*6—5*2 

4*4—6*0 

4*4—6*2 

embryo . 

8*4—8*8 

6*8—7*6 

6*8—7*6 

— 

hypocotyl. 




6*0—6*8 

outer cells of embryo . . . 




— 

and of hypocotyl. 




4*4—6*2 

inner cells of embryo . . . 




4*6—6*0 


IvBS (1923) using “La Motte standard indicators” found 
that both freshly gathered and dry stored seeds of Ilex opaca 
show a pH value of 6. 

Apart from the R.T.M. observations on the sunflower and 
broad bean (Chapters XII—XIII) which show acidification of 
some tissues, we have only Pack’s data which show a similar 
decrease in pH. His note on the regular increase of total acidity 
with after-ripening may be added to the data given by Hbmpel 
and Haas on a similar increase with age of seedling plants. 

4. SUMMER AND WINTER VARIATIONS 

(a) titems. 

Hooker (1920) investigating the juice of bearing spurs of 
ajiplos, found for a variety called Wealthy, a steady pH value 
with varying total acidity c. g. expressing tlie latter as cc. N/10 
acid per gm. dry weight he found Feby. 2*04, Juno 3*40, Sept. 1*74 
while the corresponding pH values wore 5*8, 5*7 and 5*0. 

Abbott (1923) on the other hand found marked seasonal 
chang(‘s in the pH of both ai)ple and j)ea(di, in g(‘n(u*al a liigh 
])H in summer, and a drop in the autumn, followed by a rise in 
November, whic.h is maintaiiUMl through the following sj>ring. 
(Jillkspik’s eolorimetrie method was used throughout. Abbott 
suggests that tlu’* low j)H in Sej)tember may be correlated wdth 
the high sulphur eontent, hut ho mak<‘s a furtlicr suggestion in 
relation io ])hosphai.(^ content and buffering which is discussed 
laU'r ((•hap. XIX). As those results apj>ear to be the only data 
availahh' for c!omj)arison with the R. I. JVI. results they are given 
as a graph (figure 17). 

The tissue reactions of a number of selected herbaceous 
and woody stems, examined at monthly intervals throughout the 
year, were reported upon by Rea and Small (1927) as follows.—r 
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STEM TISSUE REACTIONS THROUOIIOUT THE YEAR 

METHOD 


The Range Indicator Method as i)rcviou8ly dcscTibod was 
used throughout. Transverse sections of the v(*.gotativo st-orns 
were examined. Five indicators were used up to and including 
December 1925, and six indicators wore used during U)2(i. ’'rhis 
work was started in 1924, but a break of several months ocicurrod 
in the first series of results, and it was thought better to leaves 
these unpublished and present an unbroken Heejuoneo of obser¬ 



vations for one j)eri()(l 
of twelve months, June 
1925 to May 192(1. 

At least three steitis 
from each kind of plant 
wore taken each month, 
and two or three sedi¬ 
tions of each part, upper, 
middle and lowc^r, of 
each stem wore exami¬ 
ned, after immersion in 
the indicator solutions. 
In general nine tissiuis 
were differentiated and 

'"July Aug. Stfi Ocf Dec Jan Feb. Mat hairs or cuti- 

, . cle usually added a tenth 

Fig. 17. Seasonal variation in the pH of ex- «i.; 4 . 

, . . - , , 1 X. . , observation to the senes, 

pressed juice of apple and poach tips, (after 

Abbott.) We recognise very 

clearly that we are only 
at the beginning of this work, and desire to point out that the 
results must be regarded as a general survey of the possibilities 
for more intensive work. 


The method of analysis and presentation of the pH rang<*s 
as letter symbols may appear to bo unnecessary comj)li(iaii()ns, 
but we would ask other workers in this field to considcT the num¬ 
ber of observations necessary for the production of the data 
given in the Tables which are here included. 

Two or 3 sections each of 3 stems were taken, giving 6_9 

sections; 5 indicators were used during the first 7 months giving 
210—316 sections, and 6 indicators were used during the last 
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5 months i^iving 180—270 sections or a total of 300—585 sections 
per year. In general 10 parts or tissuos wore observed in each 
section giving 3900—5850 observations; nine different species, 
one being duplicated for light and shade conditions, were exam¬ 
ined giving 39,000—58,500 observations. Then in all cases each 
stem was divided into upper, middle and lower parts, so that 
the total of the observations required for the data here presented 
amounts to something between 117,000 and 175,500, or a mean 
of approximately 150,000. 

All these observations were originally recorded as the colour 
given by eac-h tissue in eacli section in each indicator. By arrang¬ 
ing the records in the order of the ranges or indicators as given 
(p, 4()) and marking each record C for acid and K for alkaline 
indications, tlio cliange point in the series, and hence the range, 
was determined. The ranges as found in this way were card- 
indexed, the data for the upper, middle and lower parts of each 
stem being on one card. The data were then entered as letter 
symbols in our pH ledger. In any case where two or more of the 
upper, middle and lower j)arts gave the same data for all tissues 
a further condensation became x)<>s«ibl<^ as shown in the Tables 
now published. Komotirnes also it was found that the data for 
two or all three of the stems were the same throughout, and then 
more c.ondensation l)ecame possible. 

T’liis process of n’speated ‘boiling down’ has been a])i)lied in 
the production of all the Tables in this series, and it is necessary 
in order to obtain the data in a condition for ])ublication. It is 
necessary also as an escaj^e from the confusion of numerous 
numerals, in order to see clearly the changes and differences 
which occur. 

RESULTS 

The steins examined may be divided into two grouj)s, 1. nior<'. 
or less herbaceous, and 2. woody. Tlie data for the differimt 
species are discussed briefly below. The difficulty of pn'sent.ing 
a series of thirty-six lines of letter symbols has b(»en met by 
combining the results for the uxqier U, middle M and lower L 
parts of the stem wherever possible, in some cases square 
brackets [ J have been used to mark the second of a pair of 
l>arts where U and M or M and L differed by only one or 
two lett('rs. Ordinary brackets indicate abnormal reactions as 
before. 
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The records are oondonsed by moans of the Hystom of a 
letter for each range as previously explained. TIio iiulioators, 
when five were used, did not include bromo-oroHol green; where 
six indicators are given the full normal series as described was 
in use. 

In the case of the woody stems three twigs wore taken from 
each shrub, from the top, side and base of the shrub. These arc 
indicated in the Tables as T. S. and B. respectively. 

HERBACEOUS STEMS 
Cerastimn tomentosum 

The vegetative stems of this plant were examined in trans¬ 
verse section. The material was obtained from the Cllass (Harden, 
Queen’s University, where the plants wore growing in an exposed 
position with a southern aspect. 

It is of some interest to compare the present results for 
this species (Table I) with those given in our first scries. The 
b range pH 6*9 to 6*6 includes the c range, approximately pH 5*6. 
In the same way the Z range pH 6*2—4*0 includes c or i)H 6*2—4*8, 
f or pH 5*2—4*4, g approximately pH 4*4, h or pH 4*4—4*0 and 
i approximately pH 4*0. It should be noted that the former 
results were obtained from the flowering stems as in this cas(^ 

As the herbaceous plants were chosen with a view to deter¬ 
mining their tissue reactions throughout the year, the choice was 
limited to a few species which in most cases develop the flowering 
stem as an elongation of the ordinary vegetative stem. The tissue 
reactions might, therefore, be expected to fall within the same 
ranges as before. In the case of Cerastium tomentosum^ although 
the present ranges do not lalways coincide and are not always 
included in the older data, the results now given are in gciiKU'al 
consistent with those previously given and now repeated at. ih(^. 
foot of Table I. 

The xylem is the tissue with the most constant. n‘ac.tion 
throughout the year. The h range pH 4*4—4*0 in(?lu(l('s t.iio g 
range approximately pH 4*4, Whenever bronio-c.resol green 
(B.C.G.) was added to the series, it became possible to bo mon^ 
precise and the pH 4*4—4*0 of June to December 1925 became 4*4 
of January to May 1926, This phenomenon was more or loss 
usual in the other species examined. 
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Tabic I. (kmatiuni tomentosmn 


Date 

i 

IJ 

■ 

Qi 

w 

J J 

CO .g 


Endodermis 

Pericycl© 

Phloem 1 

1 

i 

1 

i 

1 

No. of stems 

Size in ems 

1925 













June . . . 

U 

c 

a 

a 

a 

a 

a 

h 

a 

a 

0 


,, ... 

M 

a 

a 

a 

a 

a(h)«) 

a 

h 

a 

— 

0 


,, ... 

HL 

a 

^a 

a 

a 

hk 

c 

h 

a 

— 

0 

1 6-5 

»♦ . • • 

U 

<? 

a 

a 

a 

a 

a 

h 

a 

a 

e 

B 

• 

5 ML 

nioj 

iiM 

a 

a 

ah‘) 

aLc] 

h 

a 

—- 

0 


July . . . 

U 

a 

a 

a 

a 

a 

0 

h 

G 

c 

e 


1» ... 

5 ML 

a|ol 

aH 

a 

a 

ch*) 

0 

h 


— 

c 

3 50 

Au^rust 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

— 

d 


• * 

r)L 

a 

a 

a 

a 

hk*) 

a 

h 

a 

— 

d 

3 7*5 

Soptembor 

U 

a 

a 

a 

a 

a 

a 

h 

a 

a 

d 



5 ML 

a 

a 

a 

a 

ah*) 

a 

h 

a 

— 

d 

3 7*5 

October. . 

U 

v, 

a 

a 

a 

a 

a 

h 

a 

a 

c 


• * 

5 ML 

i*. 

a 

a 

n[(*l 

nh>) 

a|ol 

li 

a 

a 

0 

1 0-5 

j» • * 

U 

c 

a 

a 

a 

a 

a 

h 

a 

a 


2 0-5 

j* • • 

r)ML 

e. 

a 

a 

a 

uh') 

a 

h 

a 

a 

c 

4-0 

November. 

V 

c 

c 

a. 

e 

c 

0 

h 

c 

c 

0 

5-0 

>» • 

r>M. 

0 

c 

a 

(5 

eh>) 

e 

h 

c 

e 

e 

3 5*0 


h 

a 

a 


0 

eh*) 

c 

h 

e, 

c 

e 


I)eceml)er. 

u 

a 

a 

a 

a 

a 

. a 

h 

a 

a 

e 


»* 

r)M 

0 

a 

a 

a 

eh 

a 

h 

a 

a 

0 


»» 

L 

e. 

a 

u(h)>) 


hk 

c 

h 

a 

a 

V- 

3 7-5 

192(i 













rJaniiary . 

U 

a. 

a. 

a 

a ' 

a 

a 


a 

a 

V 



(>MI. 

<* 

a 

a 

V 



« 

a. 

a 

V 

3 O f) 

K(‘bruary . 

UM 

<■ 

V. 

e 

r 

<’l«l 

r 



e 

c 



() L 

<1 

e 

<• 

(* 

e«') 

e 

n 

r 

e 

c 

3 (yr> 

Mareh . . 

UM 

e. 

e 

‘■i"i 

<; 

(• 

(1 

« 

(■ 

(• 

e 


• ■ 

(> L 

a 

a 

a 

e 

‘•K’) 

e 


(! 

e. 

e 

3 0*5 

April . . . 

U 

e 

c 

a 

a 

il 

e 

K 

(‘. 

(5 

(’ 

(>•5 

. . . 

CM 

e 

c 

a>?‘) 

e 

all*) 

e 

« 

e 

e 

e 

Of) 

. . . 

L 

a 

a 

UK') 

<'K*) 

a#?k*) 

e 

K 

c 

e 

c 

3 fyO 

May . . . 

U 

a 

a 

a 

a 

a 

a 


a 

a 



»» . . . 

6M 

c 

c 

a 

a 


a 


a 

a 

0 

3 ()*5 

»» . • . 

L 

c 

c 

a 

a 

hk*) 

a 


a 

a 

e 


First series 

1 

1) 

b 

b 

b 

bZ 

b 

Z 

b 

b 




1) =- reaction of walls. 
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XI 


The range d pH 5*()—4'8 includes c pH 5*2—4*8, and if this 
be kept in mind the reaction of the epidmnal hairtt is stn^n to Ix^ 
very constantly in the region of pH 5*(5—4*8. The only month 
in which variation to pH 5*6 occurred was October. A sitnilar 
variation is possible for August and Sei)temhor, so that after 
the flowering period the hairs upon the leaves may have a slightly 
different reaction. This may, of course, be duo rather to huffcT 
changes consequent upon a better supply of inorganici salts rath(*r 
than to autumnal metabolic changes. 

The reaction of the epidermis varies from ])H 5*1) to pH 5*6 
and this variation is exceeded only in January where iniddU^ 
and lower parts of the stem were more acid, ))H 5*2—4*8. What 
might be described as the Vinter* reaction, ])H 5*(), for the (epi¬ 
dermis extends with exceptions in various parts of th<^ stcun from 
October to May. Two out of the throe parts have a rewdiion 
more acid than pH 5*9 during those eight months. In June two 
of the three parts are at pH 5*9 in most stems, while that reaction 
is very constant for July, August and September. 

The sub-epidermis is more constant in roaedion. Wiih the 
exception of one stem [o] in July, the i)H is 5*9 or 5*6. I'lu^ more', 
acid range pH 5*6 appears in November and occurs at int(u*vals 
until May, but from June until October the reaction is f)rac.t.ically 
constant around pH 5*9. 

Apart from occasional records of a])parently lignificxl cell 
walls, the cortex shows the same variation as thc^ epidermis and 
sub-epidermis, with a further shortening of the. ‘winter’ e.ondilion 
to February and (in part) March. 

This Vinter’ condition extends from October to May for tlus 
epidermis, from November to May for the sub-epidermis, and from 
February to March for the cortex. 

The endodermis shows a change from pH 5*9 to j)H 5*6 in 
November, but reverts to the former reaction in December. Tlu^ 
winter climate in Belfast is remarkably mild, and this might lx*, 
a weather effect. This suggestion receives sup2)ort from thes 
increased acidity during the following months January to Ai)ril, 
when the weather is apt to be more severe, together with a return 
to pH 5*9 in May when the summer conditions begin to be more 
or less favourable. 

The reactions for the pericycle indicate lignification of the 
cell walls in this tissue, especially in the middle and lower parts 
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of tho reaction of tho cell contontH varicH somewhat 

erratically, from ])H 5*9 to pH 5-() and in a few odd mouths (July, 
Novombe^r and December), was more acid pH 5*2—4*8 iu tho 
middle and lower parts of the stem. A variation in reaction during 
tho pnxjOHs of lignification might bo possible, although as yet 
wo have no coiujlusivo evidonco that the coll contents arc acid 
whih'^ lignifiesation is in active progress. 

1’he phlonn shows a variation in reaction within the range 
pH 5-9 to 4-S. During tho period February to April when the 
plant is nu^rely vegc^tating tho reaction is constant around pH 5'6. 
In May and «June when assimilation is most active and still free 
from floral complications tho reaction is more or loss constant 
at pH 5-9, witli a lag at i)H 5-6 in the lower part of the stem some¬ 
times. In July, the main flowering period, the acidity increases 
to I>H /)*d or pH 5'2—4*8, followed by a return to vegetative 
activity and f)H 5*9 iu tho period August to October. During 
tho winter, November to tJanuary, tho reaction varies erratically, 
possibly witli local weather conditions. 

Tho (Constant reaction of the lignified cell walls of the xylom 
has aln^ady becui pointed out. I'he xylom j)aren(?hyma was not 
reconled separately from the medullary ray region of the pith. 

llie reaction of the pUh both in tho region of the vascular 
bundles and in the central region varied from })H 5*9 to l.H 5-0 
in sucli an errai.ic fashion that no metabolic or climatic factors 
(?an be suggested at present. This is, of course, in accordance 
with the*, lac.k of any very definite metabolic function for tho 
pith an<l witli its (central, more or less ])rotccted jiosition. 

iJiciranfhus vheiri 

The material of this spee.i(‘s was obtaiiWMl from two different 
gardens. Plants from an exposed jiosition with a southern aspect 
were obtained at Queen’s University and gave the data iu Table J1. 
Plants were also obtained elsewhere from a shaded jiosition with 
a northern aspect and gave the data in Table!II. Tlie results 
arc not strictly comparable because, while tho first group varied 
in ago from two to thirteen months, the second or shade plants 
wore all over one year old. 

Transv(irso sections of vegetative stems were stxulied. If we 
compare the resulting data with those given previ<nisly for tlie 
flowering stem, there is an agreement of tho Z range with g 
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CHAPTER XI 


Table II. Cheiranthus cheiri (Smi) 


Date 

ll 

r 

I® 

1 

1 

1 

1 

1 

Pm 

i 

o 

s 

Xylem 

Pith, ray 

Pith, central 

1 

ed 

w 

Xo. of stems 
Size of stems 

1 Age in months 

1925 














June . . . 

6UML 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 

3 4-0 

12 

July . . . 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 



,, . . . 

6L 

a 

a 

a(e)' 

a 

a 

a 

h 

h 

a 

a 

3 6*5 

13 

August . . 

5UML 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 

3 4-0 

2 

September 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 



i9 

5L 

a 

a 

a 

a 

a 

a 

h 

oh 

a 

a 

3 10-0 

3 

October. . 

UM 

ac 

a 

a 

a 

a 

a 

h 

0 

a 

a 



»» • • 

5L 

ac 

a 

a 

ac 

a 

a 

h 

o(c) 

a 

a 

2 7-r) 

4 

w • • 

5UML 

c 

c 

0 

c 

a 

a 

h 

a 

a 

a 

1 7-5 

4 

November. 

5UML 

a 

a 

a 

a 

a 

i a 

h 

a 

a 

a 

2 ()-5 

5 

»» • 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

ft 



»> • 

6L 

a 

a 

a(e)' 

e 

a 

a 

h 

a 

a 

a 

1 6-5 

5 

December. 

5UML 

a 

a 

a 

0 

a 

h 

h 

h 

h 

a 

3 60 

6 

1926 














January . 

6UML 

ae 

a 

a 

a(e) 

a 

a 

8 

a 

a 

a 

3 1-R 

7 

February . 

6UML 

a 

a 

a 

a 

a 

a 

K 

a 

a 

a 

3 7-5 

S 

March . . 

6UML 

a 

a 

St 

a 

a 

a 


a 

a 

a 

3 H-f) 

0 

April. . . 

6UML 

a 

a 

a 

a 

a 

a 


a 

a 

a 

3 8-r> 

10 

May . . . 

UM 

a 

a 

a 

a 

a 

a 

g 

a 

a 

a 



,, ... 

6L 

a 

a 

a 

a 

a 

a 

hk 

a 

a 

a 

3 6-5 

11 

First series 


b 

b 

b 

— 

— 

b 

Z 

bZ 






(e) groups of cells in endodormis. (e)' coll(‘nchyma. (h) in ono stem. 


or h and a generally less acid a range instead of the former h 
range, but the difference between approximately pH 5-0 and 
pH 5-9—5*6 is very slight. Further work may show iliat it (l<)(\s 
in fact exist as a difference between the flowering and th(‘- vege¬ 
tative stem, and the wallflower would then be another examph^ 
of those plants with flowering stems more acid than the vegetative 
stems, already mentioned (Chapter X). 

Apart from one slightly more acid (pH 5*6) stem in October 
(Table II), the uniformity of reaction in the tissues of Cheiranthus 
cheiri is remarkable. This, as will be seen later, is not an isolated 
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Table III. CheirantJms cheiri (Shade) 



[hdicators 
Part , 





n 

”1 

' 







I)ai.ci 

Spidermis 

1 

1 

2 

Cortex 

1 

Peiicycle 

Phloem 

1 

i 


I 

1 

•s 

d 

.3 

AgO' 




<2. 







1 




1025 















Juno . . . 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

(1 



Over 

if • • • 

5L 

0 

a 

a 

a 

a 

a 

hk 

a(h) 

a 

(1 

3 

7*6 

one year 

July . . . 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

d 




ft » • • 

r>L 

e 

a 

a 

a 

a 

a 

h 

h 

a 

(I 

3 

5-0 

ft 

August . . 

r)UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

d 




»» ■ • 

L 

a(h)' 

a 

a 

a 

a 

a 

h 

h 

a 

d 

3 

7-6 

ft 

Soptomlx^r 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

d 




tf 

5L 

a 

a 

a 

a 

a 

a 

h 

h 

a 

d 

2 

7-6 

ft 

ft 

5 UML 

a 

a 

a 

.1 

a 

a 

h 

a 

a 

d 

1 

7‘r) 

ft 

October. . 

UM 

ae/ 

a 

a 

a 

a 

a 

h 

a 

a 

d 




>1 • • 

5L 

a 

a 

a 

a 

a 

a 

h 

ac' 

a 

d 

3 

8-5 

tf 

November. 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 




tf 

5L 

a 

a 

a 

e 

a 

a 

h 

a 

a 

a 

3 

7*5 

tf 

Doo-ombor. 

UM 

a 

a 

a 

a 

a 

a 

h 

a 

a 

a 




»» 

5 L 

a 

a 

a 

»((*)' 

a 

a 

h 

ah 

a 

a 

3 

10-0 

tt 

192(5 















January . 

UM 

a 

a 

a 

a 

a 

a 

g 

a 

a 

— 





() L 

a 

a 

a 

a(o)' 

a 

a 

g 

a 

a 

— 

3 

Tf) 

it 

February . 

UM 

a 

a 

a 

a 

a 

a 

g 

a 1 

a 

-- 




fi • 

(5 L 

a 

a 

a 

a{e) 

a 

a 

h 

a 

a 


3 

7-5 

»» 

March . . 

UM 

a 

a 

a 

a 

a 

a 

g 

a 

a 





>» • • 

() L 

a 

a 

a 

a 

a 

a 

h 

a 

a 


3 

7-5 

tt 

April . . . 

UM 

a 

a 

a 

a 

a 

a 

g 

a 

a 





it • . . 

(5 L 

a 

a 

a 

a 

a 

a 

h 

a 

a 

— 

3 

7-5 

tt 

May . . . 

UM 

a 

a. 

a 

a 

a 

a 

g 

a 

a 

- 




ft . . . 

(iL 

a 

a 

a 

a 

a 


hk 

a 

a 

— 

3 

7*5 


First series 


b 

b 

b 

— 

— 

b 

Z 

bZ 

Z 






((‘)' ill one stem, (o) oollciichyma. (h) groups of colls, (h)' cuticle, c' walls. 


])lion()ineiion. The fact that about thirty thousand oliservaiions 
can 1)0 made upon seventy two plants of one species, thirty six 
from a sunny jiosition in one garden and thirty six from a shaded 
position in another garden, without yielding more than a f<*w 
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CHAPTER XI 


variations in the hydrogen ion concentration of the tissues boars 
witness, not only to the stability of the reaction in this Hi)ocios 
throughout the year and under different conditions, but also to 
the reliability of the Range Indicator Method. We do find variation 
and differentiation in a considerable number of other cases, so 
that if variations or differentiations of any size occurred they 
would be and are detected by this method. 

Considering the tissues, the pericycle is uniformly of pH ry<) 
with no exception in either sun or shade plants and througliout 
the year. The sub-epidermis, cortex, phloem and the central i)ari. 
of the pith were all of pH 5-9 throughout the year in the shad<‘ 
plants (Table III). In the sun plants there is one exoeptioit, 
pH 5*6, in the sub-epidermis of one plant (Oct.); in the pliloorn 
and central pith there is also one exception, pH 4*4—4*0 in 
December, while in the cortex of the sun plants an occasional 
development of collenchyma gave pH 5*2—4*8 in addition to tlie 
pH 5*6 for one plant in October as for the sub-epidernns. 

The epidermal hairs were of pH 5*9 throughout the year in 
the sun plants, but of pH 6*6—4*8 during the summer and autumn 
in the shade plants, becoming less acid, pH 5*9, in the winter. 
The epidermis was mainly of pH 5*9 and, apart from the October 
sun plant (pH 6*6), greater acidity was found only occasionally 
in the walls or in the contents of some of the cells. In the shades 
plants for June and July the epidermis of the lower parts showed 
pH 5*6 as compared with pH 5*9 for upper and middle i)arts of 
the stems. 

The endodermis was at pH 5*9 uniformly during the months 
March to September in both sun and shade jdants. Slightly 
greater acidity appeared in the sun plants for October, and still 
greater acidity appeared in both sun and shade plants during 
November, December and January. The sun plants showed this 
increase of acidity earlier (Oct.) and lost it earlier (Kc‘l)y.), than 
did the shade plan's which showed the increase of acidity in 
November and returned to the pH 5*9 in March. 

The xylem again showed a change from h to g with the intro¬ 
duction of the sixth indicator, but the bronio-cresol gn^en indi¬ 
cations were not always certain, so that the h range, i)H 4*4—4-0, 
occurs also in the later records. In a few cases tliere wore still 
more acid parts in the xylem with pH < 3-4. The pith in the. 
region of the medullary rays was mainly of ])H 5*9, but the lower 
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])arts of the wtem during 1925 showed a general tendency towards 
lignificjation with concomitant increase in acidity. During 1926 
this ray region of the pith is recorded as uniformly of pH 6*9 
but this requires re-investigation in view of the above-mentioned 
records for 1925. 

From these brief notes on the records in Tables TI and ITT, 
it will be seen that, in addition to the already noted uniformity, 
th(%r(’i are also variations which a})pear to have some significance 
in the general life of the })lants. There are slight differences in 
sun and shade plants and there are slight differences which are 
apparently connected with seasonal changes rather than with 
ag(‘ or state of development of the plants. 

Jjamium pUTptivctmi 

The material of this species was obtained from plants cultiv- 
atc^d in an cx[)()S(m 1 position with a southern aspect in the Class 
Carden, Queen’s University. The vegetative stems which grow 
up into flowering stems were examined in transverse section. 
The results are summarised in Table IV. 

On (H)mi)aring th(W! records with those for the flowtTing 
stem, w(‘ find that the records for all the tissues are consistent, 
with exc(‘f)tion of hZ for the endodermis. The more acid 
ranges is not found in the endodermis of the vegetative stems, 
and tlK‘ Z range, i)H 5,2—4,0, is confined in that tissue to the 
low(‘r part of th(‘ flowering stem. Tlie ui)])er and middle parts 
liave the b range wlu<di is very near the a and includes the C 
range found for th<^ (mdodermis of the vegetative stem. 

(^onsid(*ring th(‘ pnwmt. data for the tissue's, tlu' voUvuchyma 
and th(' vpidvrmal hair,s ar(‘ uniformly of ])H 5-2—4*S throughout 
thci year. The xylvm shows the* range ])H 4*4—4*0 restrietc'd to 
pH 4*4 by the consistently <lefinite indications given by broino- 
crcsol green. The epidermis being self-coloured with a <l(‘eided 
pink yielded no reliable indications of reaction values. The 
reaction of the sub-epidermis varied, being mainly pH 5*() but 
show'ing greater acidity in June and slightly less acidity in July, 
and from December to March in some or all of the plants examined, 
.luiu' is the main flowering period ami the June to July variations 
may be coniu'cded with anthesis, while the other ])eri()d is that 
of reduced vegetative activity, the winter period. 
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Table IV. Lamium jmrpureum 


Date 

i 

II 

•H Qj 

•xj rH 

S 

1 

1* 

Sub-Epidermis | 

1 

1 

Endodermis 


1 

1 

1 

i 

1 

i 

Hairs | 

No. of stems 

Size in cms. j 

1925 
















June . . . 

5UML 



e 

e 

c 

c 

— 

c 

h 

a 

a 

e 

3 

7-5 

July. . . . 

U 



a 

e 

a 

a 

— 

a 

h 

a 

a 

e 



,, .... 

5M 



a 

e 

a 

a 


a 

h 

a 

b 

0 

3 

7*5 

.... 

L 



a 

e 

a 

a 

— 

a 

h 

ah' 

b 

c 



August. . . 

6U 



c 

6 

a 

a 

— 

a 

h 

a 

a 

e 



99 • • • 

M 



0 

e 

a 

a 

— 

a 

h 

a 

a 

0 

3 

7-5 

99 • • • 

L 



c 

e 

a 

a 

— 

a 

h 

ah' 

a 

0 



September . 

U 



c 

e 

c 

c 

— 


h 

c 

a 

0 



99 

5M 



c 

e 

c 

c 

— 

c 

h 

a 

a 

c 

3 

lO-O 

99 

L 



c 

e 

c 

c 

— 

c 

h 

ch' 

a 

e 



October . . 

U 

i 

c 

e 

0 

c 

— 

c 

h 

a 

a 

0 



99 • * 

5M 

'o 

o 

0 

e 

a 

a 

— 

a 

h 

a 

a 

0 

3 

7*5 

99 * • 

L 

4 

A 

0 

e 

a 

a 

— 

a 

h 

a h' 

I 

a 

e 



November . 

6UML 

'1 


0 

e 

c 

c 

— 

0 

h 

0 

0 

(i 

3 

7*5 

December , 

6UML 


a 

e 

a 

a 

— 

a 

h 

a 

a 


3 

(5*5 

1926 


1 

,0j 













January . . 

6UML 


5 

c 

e 

c 

c 

c 

c 

K 

a 

a 


2 

5-0 

» • • 

6UM 



a 

e 

a 

a 

a 

a 


a 

a 




»» • • 

L 



a 

e 

a 

c 

a 

a 

« 

a 

a 

0 

1 

<>•5 

February. , 

6UML 



a 

e 

& 

a 

a 

a 

g 

a 

a 

C‘ 

3 

b-5 

March . . . 

U 



c 

e 

c 

c 


c 

g 

0 

V. 

e 


4-0 

99 ... 

6M 



a 

e 

a 

a 

— 

a 

g 

a 

a 

0 

3 

5-0 

99 ... 

L 



SI 

e 

a 

a{c) 

— 

a 

g 

a 

a 

e 


5-0 

April . . . 

6UML 



c 

e 

c 

c 

— 

0 

g 


0 


2 

7T) 

... 

U 



c 

e 

a 

a 


0 

g 

a 

a 




»» • i* • 

ML 



c 

e 

c 

c 

— 

V 

g 

V. 

V 


I 

5-0 

May. . . . 

6UML 



c 

e 

a 

a 

— 

a 

g 

a 

a 

(* 

3 

(ir) 

First series. 


- 


b 

Z 

b 

bZ 

}> 

1) 

Z 

1) 

1) 





(c) 1 st(*m only, h' walls. 


The range in the cortex, emhdermis and phloem is from a to c, 
pH 5*9 to pH 5*6. These three tissues vary in the same way, 
erratically from montli to month throughout th<‘ year. Local 
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weather or fliKjtuating internal conditions rather than seasonal 
(ihaiigos either inside or outside the plant seem to be indicated 
in this case as the factors governing the reaction values. 

Tho pith bc^tw<Hm the vascular bundles shows a general 
tondeiujy towanis lignification of the walls as the stems get older, 
giving |)H 4*4 to 4*0 from July to October. The shoots examined 
from Novoinber onwards were now growths, formed after the 
flowering stems had dicul down for the winter. The coll Contents 
showed an (’>rratic variation from pH 5-9, which was normal, 
to i)H 5-0 whi<th occurrcul in some sections in November. The cell 
(sontonts of the rmiral pith showed a similar variation witliin the 
same range. 


Seneclo vulgaris 

Th(^ material of this species was obtained from plants grown 
in a slndtered position with a southern aspect in the Research 
(Jarden, Queen’s University. The records are summarised in 
Table V, and for all tissues they are consistent with the previous 
n^eords for the flowering stem which is again an elongation of 
th<i v('g(^tative st<mi. 

With one doubtful oxce])tion the collmchynui is always of 
pH 5-2 to 4’S. The xylem is again of pH 4-4—4*0, restricted to 
pH 4*4 aj)proximaiely by the use of bromo-cresol green. 

The e.pidmrial Imirs are of pH 5*6, except in January and 
F(d)ruary wlieii they are recorded as more acid pH 5*2—4*8. 

Th<5 epidermis and sub-epidermis are similar, being pH 5*6 
from March until November, with the middle and lower j)arts of 
th(^ stem epid<»rmis in May more acid, ])H 5*2—4*8. This variation 
is again in the main flowering season. In all the plants for De¬ 
cember an<l in two of the three in February a lesser acidity of 
those two tissues, j)H 5*9, is recorded. 

The cortex varies in much the same way as in Lamium pur- 
pureum from a to c erratically, with the c range predominating. 
The endodermis is more uniformly of xjH 5*6, witli pH 5*9 appearing 
in some cells of the lower part of the July stems and in th<^ whole 
of this tissue in all stems for December, Ai^ril and May. "I’h(' 
perirf/rle and phloem vary almost in the same way as th(‘ (uido- 
derriiis, except that the pH 5*9 does not occur in April. 

Thts pith between the vascular bundles is mainly of pH 5*9, 
but shows pH 5*0 in September, November, and .lamiary to March. 
nrotoplafliua-Moiiographioti II: Small 19 
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Table V. Senecio mJ^aris 


Date 

Indicators 

Part 

Epidermis |j 

Sub-Epidermis | 

Collenchyma 

Cortex ;| 

Endodermis ■ 

1 

is 

1 Phloem 1 

1. 

i Pith, ray 

Pith, central ^ 

j Hairs | 

! No. of stems 1 

1 Size in cms. J 

1925 















June . . . 

5UML 

c 

c 

c 

c 

c 

c 

c 

h 

a 

a 

— 

3 

6-5 

July. . . . 

SUM 

c 

c 

C 

a 

c 

c 

c 

h 

a 

a 

it 



»» . . • ■ 

L 

c 

c 

C 

a 

ca 

(i a 

c 

h 

a 

a 

(* 

3 

6-5 

August. . . 

5UMD 

c 

c 

c e 

a 

c 

(5 

c 

h 

a 

a 

(i 

3 

7-5 

September . 

U 

c 

c 

e 

c 

c 

e 

c 

h 

c 

a 

(• 



»» • 

5M 

c 

c 

e 

c 

c 

0 

c 

h 

c 

it 

it 

2 l()-() 

»» 

L 

c 

c 

e 

C 

c 

c 

c 

h 

it 

a 

it 




5UML 

c 

c 

e 

Vi 

c 

V 

c 

h 

it 

(• 

it 

1 lO-O 

October . . 

UM 

c 

c 

0 

c 

e 

V 

(*. 

h 

a 

a 

it 



»> • * 

5L 

c 

c 

e 

a 

c 

c 

c 

h 

a 

a 

it 

2 

5-0 

»» • • 

U 

c 

c 

e 

c 

0 

c 

c 

h 

a 

a 

V 



• • 

6 ML 

c 

c 

0 

a 

c 

c 

c 

h 

a 

a 

it 

1 

7-5 















100 

November . 

5UML 

c 

c 

e 

c 

c 

c 

c 


it 

it 


3 

7-5 















7*5 

December . 

5 UML 

a 

a 

0 

a 

a 

a 

a 

h 

a 

a 

V 

3 

r)-o 

1926 















January . . 

6UML 

1 

<•. 

c 

0 

c 

c* 


V 


(• 

(• 

V 

3 

r)-o 

February . 

6 UML 

a 

a 

<* 

a 

c 

<•■ 

V 


it 

a 

(‘ 

2 

ryr> 

»f * ■ 

6 UML 

c 

c 

C 

c 

i 

c 

V 

V 

K 

it 

a 

e 

1 

ryr> 

March . . . 

6 UML 

c 

c 

e 

c 

c 

c 

c 


c 

V 

c. 

3 

n-o 

April . . . 

6 UML 

c 

c 

e 

a 

a 

c 

c 

« 

a 

a 

it 

3 

7*5 

May.... 

U 

c 

a 

e 

a 

a 

a 

a 

g 

a 

a 

V 



»» .... 

6 ML 

e 

c 

e 

a 

a 

a 

c 

g 

a 

a 

(* 

3 

7*5 

First series. 


b 

b 

— 

b 

b 

— 

b 

Z 

1) 

h 





The central yith varies rather more but along the Iiii(‘s jis 
the outer pith. 

WOODY STEMS 
Aucuba japonica 

The material of this species was obtained from a shrubbery 
in the grounds of Queen’s University. The records siunuuiris(‘(l 
in Table VI. 
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Table VI. Aucuba japonica 


Data 

Indicators 

Part 

Rpidermis 

Sub-Epidermis 

, Cortex 

1 


1 Pericyde j 

Phloem j 

1 

i 

i Pith, central | 

1 

j No. of stems 
Size in cms. 

j Part of shrub 

i!)2r> 















June . . 

5 UML 

e 


c. 

c 

c 

c 

h 

0 

c 


1— 50 

T. 

n • • 

5 UMii 

e 

c 

0 

0 


0 

e 

h 

e 

e 

— 

2— 5-0 (3-5 

S.B, 

July. . . 

r> UML 

(‘ 

a 

a 

a 

a 

a 

]l 

a 

a 


3— 7-5 

T.S.B. 

Au^uHi. . 

UM 

(‘ 

a. 

a 

a 

a 

a 

h 

a 

a 

— 



»i • • 

5L 

V. 

a 

a 

a 

a 

a 

h(k) 

a 

a 

- 

3 - 7*5 ()-5 

T.S.IL 

Si‘pte*»il)(‘r 

U 

c. 

a 

a 

a 

a 

a 

h 

a 

a 




»» 

5 MU 

c. 

a 

a 

a 

a 

a 

h(k) 

a 

a 


3-10*0 5-() 

T.S.H. 

Oetober . 

U 

c 

e 

(? 

c 


e 

c 

li 

c. 

(t 





r)ML 

« 

<! 

c. 

c 


c 

c 

hk 

c 

e 


3— 5-0 8*5 

T.S.B. 

NovemlxT 

u 

<* 

0 

a 

a 

a 

a 

h 

a 

a 

— 




n ML 

c 


a 

a 


a 

a 

hk 

a 

a 

— 

2 - 4-0 

T.H. 


u 


a 

a 

a 

a 

a 

li 

a 

a 




»» 

r)ML 

c 

a 

a 

a 

a 

a 

h 

a 

a 


1 (if) 

S. 

Doc(‘rub(‘r 

f) UML 

0 

e 

(‘ 



(* 

(‘ 

h 

(‘ 

t* 

... 

3 0*5 

T.S.B. 

102(3 















January . 

(iUM 

a 

a. 

a 

a 


a 

a 


i\ 

a 

k 




I. 

a 

a 

a 

a 


a 

a 

h 

a 

a 

k 

3 7*5 

T.S.B. 

Kohriiary. 

(J UMI. 

c 

a 

a 

a 


a 

a 

i(k) 

a 

a. 

k 

3 - 7-5 

T.S.B. 

March . . 

U 


a 

a 

a 


a 

a 

3? 

a 

a 

k 



,, . . 

()ML 


a 

a 

a 


a 

a 

h 

ii 

a 

k 

3 7-5 

T.S.B. 

April . . 

U 

ac 

ac 

a 

a 


a 

a. 


a 

a 

k 



,, . . 

(iM 

ac 

a 

a 

a 


a 

a 

if 

n 

a 


k 

2 7-5 

T.S. 


L 

a.c 

a(‘. 

a c 

a 


a 

a 

h 

a. 

a 

k 




OU 

<* 


ac 



c 

0 



(‘ 

k 

J -- 50 

B. 

. . 

ML 

c 

c c 

a c 

(‘ 


(* 

(* 

h 


(* 

k 



May. . . 

(iU 

c 

(* 

c 

c 


a 

c 

h 

(' 

i‘ 





M 

(* 

0 

c 

c 


a 

t* 


c 

(‘ 

- 

I 5-0 

B. 


L 

e 

(‘ 

e 

e 


c 

(‘ 


c 

c 

— 



ji ... 

U 

(• 

c 

ac 

a 


a 

a 


a 

a 

— 



11 . . . 

(iM 

e 

c 

c 

c 


c 

c 

« 

a 

c 

3? 

1— ()*5 

^r. 

11 ... 

L 

0 

c 

c 

c 


c 

c. 

i 

a 

0 

— 



11 • ■ ■ 

(> U 

<^ 

V- 

<< 

(i 


c 

a 


a 

c 

— 



11 . • . 

M 

e 

c 

c 

c 


c 

a 

K 

a 

(i 

3 ; 

1-- 5'() 


. . 

L 

c 

c 

c 

c 



c 

3^ 

a 

c 



i 


k' walls. 


l(>* 
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CHAPTER XI 


Apart from the practically constant records of strong acidity 
in the lignified walls of the xylem and in the cuticle^ the tissues of 
this stem show quite a considerable variation throughout the year. 
For example, most of the tissues of the top twig in June wore of 
pH 6-6, while the side and base twigs showed pH 6’2—4-8, and 
all three twigs for July were mainly of pH 6*9. 

The epidermis shows a tendency to be of pH 5*2—4*8 during 
the summer months and of pH 6-6 or higher from August to 
February, with December as an exception. The return to the 
more acid range was complete in March, but two twigs reverted 
to the less acid range in April and the upper parts of two twigs 
were of this higher pH in May. One stem in June also showed 
the lesser acidity, so that there were several exceptions to the 
general tendency towards greater acidity during the summer 
(April in part to July), and lesser acidity during the rest of the 
year. 

The sub-epidermis is mainly in the range pH 6*9—6*6 with 
exceptions in May, June and December. The cortex and endq- 
dermis varied in the same sense as the sub-epidermis. 

The pericycle showed the range pH 6*9—5*6 with exceptions 
in April (one twig), in J\me (two twigs) and in December (three 
twigs). The phloem and pith were the same as the pericycle with 
one additional more acid twig in May. 

No clear seasonal variations were found in the twigs of the 
spotted laurel. 


LigvM^nim vulgure 

This material was from a hedge in the grounds of Queen's 
University. The results are summarised in Table VII, and are 
consistent with those recorded in the First Series so far as 
the latter go. 

There is a general tendency for the walls of the cells to be 
more acid in the lower parts of the twigs, in the epidermis, sub- 
epidermis, pericycle and xylem. The tendency is very clearly 
shown in the pericycle, where the more acid parts often include 
both middle and lower parts of the stem, and also by the xylem. 

The variation in epidermis and sub-epidermis is very largo 
extending from the range a to i, that is throughout the normal 
range of our observations. It will be noted, however, that for 
the epidermis the higher range a to c does not occur during the 
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Table VII. Ligustrum wdgare 


Date 

Indicators 

Part 

Epidermis 

Sub-Epidermis | 

1 

i 


1 

1 

Xylem | 

Pith, ray | 

Pith, central | 

Hairs | 

No. of stems 

Size in cms. 

1025 














Juno . . 

5UML 

c 

0 

0 

c 


c 

c 

h 

0 

c 

— 

1— 7*5 

»» ■ • 

5UM 

0 

c 

0 

c 


c 

0 

h 

c 

c 

— 

100 

»» • • 

L 

0 

0 

c 

0 

hk' 

0 

hk 

o(e) 

c 

— 

2— 70 

July. . . 

U 

c 

e 

0 

c 


h 

0 

h 

0 

e 

— 


. 

r)]vi 


0 

c 

c- 

h 

c 

h 

0 

0 

— 

3— 7*5 


L 

0 

c 

e 

c 


hk' 

0 

hk 

0 

c 

— 


August. . 

5UM 

c 

c 

c 

c 


c 

c 

h 

0 

c^ 

— 

2— 7-5 

}» • • 

L 

ec' 

co' 

c 

c 


hk' 

c 

hk 

0 

c 



»♦ • • 

5U 

a 

a 

a 

a 

a 

a 

h 

a 

a 

— 


• • 

M 

a 

a 

a 

a 

e 

a 

h 

a 

a 

— 

1— 7-5 

• • 

L 

0 

0 

a 

a 

hk' 

h 

hk 

e 

e 

— 


September 

IT 

e. 

e. 

a 

a 

a 

a 

h 

a 

a 

0 


»» 

HM 

c 

0 

a 

a 

hk 

41 

hk 

c 

e 

e 

1 - 12-5 

>» 

L 

0 

e 

a 

a 

hk 

e, 

hk 

t‘ 

e 

0 



U 

e. 

e 

a 

a 

a 

a 

h 

41 

a 

c 



r)M 

e. 


a 

a 

hk' 

a 

hk 

a 

a 

e 

1— 7T) 


L 

0 

e 

a 

n 

hk' 

e 

hk 

0 

0 

0 


11 

II 

a 

a 

a 

a 

a 

a 

h 

a 

a 

0 


11 

r)M 

e 

a 

a 

a 

hk' 

c 

hk 

n 

41 

0 

1 ™ «■() 

11 

L 

c 

c. 

a 

41 

hk' 

0 

hk 

e 


C‘ 


October . 

511 

e 


a 

41 

41 

41 

h 

41 

41 



»i 

5M 

e 

0 

a 

41 

hk' 

41 

hk 

(• 



3 7-5 

11 

L 

<•(<■) 

v. 

a 

41 

hk' 

e 

hk 

(» 


e 


November 

U 



(* 

. 


(* 


h 

41 

41 



11 

5 ML 

e 

e 

a 

a 

hk' 

a 

hk 

(.* 



3 7-5 

December 

U 

c 

0 

e 



<• 

e 

h 

(• 




11 

r)M 

0 

c. 

ee' 

( 


h 

c 

h 


e 


2 7*5 

11 

L 

oh' 

ch' 

ce' 

c 


h 

h 

h 

e 

0 

— 


11 

SU 

e 

e 

0 

c 


0 

c 

h 

0 

e 

— 

1— 7-5 

If 

ML 

ch' 

eh' 

e 

e 

h 

c 

h 

0 

e 

— 


1926 














January . 

U 

0 

e 

a 

a 

c 

a 


a(e) 

e 

-- 


>1 • 

6 ML 

c 

e 

a 

a 

i 

41 

h 

a(i‘) 

e 

— 

3 - 7-5 


o', g', i', k' — walls, (o) one twig. 


T. 

S. 


B. 


T.S.B. 


T.S. 


B. 


T. 


S. 


B. 


T.S 1$. 


T.S.B. 


'I\S. 

B. 


T.S.B. 


Part of shrub 
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CHAPTER XJ 


Table VII (contd.) 


Date 

Indicators { 

Part 1 

Epidermis | 

Sub-Epidermis j 

r" 

Eiidodermis j] 

Pericycle 

Phloem 

i 

%, 

M 

Pith, ray 

Pith, central 

Hairs 

i i 

■B " 

■g -s 
. ^ 

1^ CO 

Part of shrub 

1926 














February. 

V 

i 

i 

a 

a 

a 

c 

g 

a 

a 




»» • 

6 ML 

i 

i 

a 

a 

ik' 

a 

h 

c 

0 


1— 7-5 

|T. 

>• * 

U 

e 

e 

e 

0 

0 

e 

g 

a 

a 




»» • 

6M 

e 

c 

c 

c 

e 

e 

h 

0 

e 

— 

2-- 6-0 

S.B. 


L 

6 

e 

0 

c 

1 

e 

h 

0 

e 

— 



March . . 

U 

e 

e 

e 

e 

0 

g 

g 

g 

e 

— 

2— 6-6 

T.S. 

19 • • 

6 ML 

i 

i 

0 

0 

ik' 

c 

ik 

c 

e 

—- 



»» . • • 

U 

c 

e 

e 

e 

0 

c 

g 

0 

0 




»• • • 

6M 

e 

e 

c 

c 

ik' 

e 

i 

0 

e 

— 

1— 7-5 

H. 

»» • • 

L 

e 

e 

0 

c 

ik' 

c 

i 

0 

e 

— 



April . . 

UM 

e 

0 

e 

e 

e 

0 

g 

0 

0 

0 



99 • • 

6L 

eg' 

eg' 

c 

c 

g' 

a 

ik 

e 

0 

0 

2— ((•() 

T.H. 

• • 

U 

e 

e 

e 

e 

ec 

e 

g 

0 

0 

— 



• * 

6M 

e 

e 

a 

a 

ec 

0 

g 

a 

a 

— 

1— ()•() 

8. 

M . . 

L 

i' 

i' 

a 

a 

i' 

c 

ik 

0 

c 

_ 



May. . . 

U 

|Nat.| 

0 

c 

c 

c 

c 

g 

c 

(5 

— 



. 

6M 

(Pinkl 

e 

c 

c 

ci' 

e 

i 

0 

e 


1— 7-r) 

T. 

,, . . . 

L 


e 

0 

c 

ci' 

c 

ik 

e 

e 

— 



99 ... 

U 

c 

c 

c 

c 

c 

c 

IX 

0 

0 

0 



■ 

6M 

e 

e 

e 

c 

oi' 

e 

i 

0 

e 

0 

2— 80 

S.B. 

„ • . . 

L 

e 

e 

c 

c 

ci' 

c 

ik 

0 

c 

c 



First aeries 


— 

— 

b 

bz 

bz 

b 

z 

bz 

bz 





e', g', i', k' = walls, (e) — one twig. 

months November to April. This winter absonee of I(*ss('r jK^idity 
might almost be said to start in October, wlierc' the epiderniis 
is generally of pH 5'2 —4*8. During tlio summer mont.lis, May 
to September, the greater acidity is either absent, or i)r(\sont in 
the lower rather than in the upper parts of the twigs. 

This analysis of the variations applies also the sub-epidermis, 
where the more acid winter condition extends from November 
to April, and the loss acid summer condition from May to Sep¬ 
tember. 
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The cortex and endodermis vary in the same sense as each 
other. The range is pH 6*9—i*8, with the range of greater acidity 
dominant only during December in part, and the range of lesser 
acidity clearly dominant from May to Ocftober, with a partial 
exception in July. 

The pericycle in the lower parts of the twigs was in general 
very acid, in the range pH 4*4—4*0. In the upper parts of the 
twigs pH 5'9 or pH 6*6 occurred from May to October, in De¬ 
cember (part) and in February (part), with the acid July stems 
as an exccj)tion. The range pH 5"2—4‘8 occurred in November, 
December (part), January, February (part), March and April. 
There is thus a general tendency in the pericyclc of the upper parts 
of the twigs towards a more acid winter condition and a less acid 
summer condition. 

In the phloem the variation is again considerable, a to o or 
occasionally h or g. The July stems are again exceptionally acid 
for the summer months. The range of greater acidity is shown 
by the upper parts of the twigs in November, December (part), 
February (i)art), March and April. Omitting the acid July twigs, 
the range of lesser acidity is shown in these parts during May to 
October, 

March, April and Jidy are the only months during which 
the range i)H 5*2—4*8 occurs in the pith of the iij)j)er parts of the 
twigs. During tlie rest of the year the up])er ])arts are in the range 
pH 5*9—5-(), with the lower parts usually more acid, pH 5*2—4*S. 

Tlu^ vpidvrmid hairs were uniformly in the e rangt^ where 
tlu^y were seem at/ all. 

ith ododemlron pon ticn m 

This niat(M*ial was obtain<‘<l from shrubs in tlu^ grounds of 
Q,u(‘<urs Uidversity. Sorneiiines two shrubs and a. double' s('t of 
t.wigs w('re used, but the results were* veuy uniform. 

The records are summariseMi in Tables VI II. Hu' cortvx, 
v.ndodvrmAs and pith were uniformly of pH 5*2—4*8 throughout 
t.lu^ ye'ar. The niticlv, where it was observed, was always in the 
range 1>H +-4-40. 'I 'he xylmi was usually in th(^ same range, 
with occasional cell walls of pH < 3*4. The sulhvpidermis was in 
the e range (pH 5*2—4*8) with the exce])tion of the twigs for 
February (])H 4*4). The greater acidity occurred also in the 
epidermis in February and in some exjiderinal cells for April. 
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CHAPTER XI 


Table 7III. Rhododendron pontimm 


Date 

Indicators 

Part 

*Ps 

J 

Ck 

-i 

cc 

1 

1 

1, 

j 

i 

s 

1 


1 

1 

1 

I i 

1 § 

*g .s 

1925 













June . . 

UM 

e 

e 

e 

e 

0 

0 

h 

e 

0 



»> • • * 

5L 

e 

c 

e 

0 

hk' 

e 

hk 

0 

0 

— 

3-* 7.5 

July . . 

UM 

e 

e 

0 

c 

e 

h 

h 

0 

0 

— 



5L 

e 

o 

e 

c 

hk' 

h 

hk 

0 

0 

— 

2~—10.0 

• • • 

5UML 

e 

e 

e 

e 

hk 

h 

hk 

e 

0 

— 

1- 0.0 

August. . 

6UML 

e 

e 

0 

c 

hk 

h 

h 

0 

e 

— 

3— 7.5 

September 

u 

e 

e 

e 

e 

0 

c 

h 

e 

0 

— 


>1 

6 ML 

e 

o 

c 

<5 

h 

e 

h 

0 

c 


3 7.5 

October . 

6UML 

e 

e 

e 

e 

ek 

h 

h 

0 

0 

— 

3- 7.5 

November 

UM 

e 

e 

6 

e 

h 

h 

h 

0 

c 

— 


II 

5 L 

e 

o 

e 

c 

hk 

h 

hk 

0 

0 

— 

3- 7.5 

December 

fiUML 

e 

6 

e 

e 

h 

e 

hk 

0 

e 

— 

3-10.0 ' 

1926 













January 

6UML 

e 

e 

e 

« 

ik' 

g 

ik 

e 

0 

i 

3- 6.0 

February 

6UML 

g 

g 

e 

c 

ik' 

g 

ik 

e 

0 

h 

3- 6.0 

March . . 

6UML 

e 

e 

e 

c 

ik' 

g 

ik 

0 

0 

h 

3—10.0 

April . . 

U 

0 

e 

c 

e 

g 

g 

e 

c 

0 

— 


II - • 

6 ML 

eg 

e 

e 

o 

ik 

g 

ik 

0 

e 

— 

2 - 7.5 

1} • • 

U 

e 

e 

e 

e 

g 

e 

« 

e 

e 

— 


• • 

6 ML 

eg 

o 

e 

G 

ik 

0 

ik 

c 

c 

— 

7.5 

May. . . 

U 

e 

e 

e 

o 

g 

0 

g 

c 

0 

g 


II . • * 

6 ML 

e 

e 

e 

G 

i 

0 

i 

0 

0 

g 

3— ryr) 


T.S.B. 

T.K. 

B. 

T.S.B. 

T.S.B. 

T.S.B. 

T.S.B, 


T.S.B. 

T.S.B. 

T.S.B. 

T.B. 

S. 

T. S.B 


k' —- walls. 


The only tissues shoeing much variation wore the pcrioyclc 
and the phloem. The p^ricj/cle in the lower parts of the twigs 
was almost always rather acid, in the pH 4’4—4*0, or very acid, 
pH < 3*4, particularly the walls. The upper parts of th(^ twigs 
had the pericycle of lesser acidity, pH 5*2—4*8, from June to 
October with July (part) and August as more acid. Again we got 
an indication of a tendency towards a more acid reaction of the 
pericycle during the winter. 

The reaction of the phloem was always below jjH 5*2, and was 


■i Part of shrub 
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above pH 4*8 only in Juno, September, December, April (part) 
and May. No clear seasonal variations were found in this tissue. 

Veronica sp. x F. andersoni 

This material was derived from a hybrid growing in a sheltered 
position with a southern aspect in the Class Garden, Queen’s 
University. The results are summarised in Table IX. 

In this case the greater acidity of the lower parts of the twigs 
was so distinct in several of the tissues that it was thought advisable 
to extract the records for that part and to group the upper and 
middle parts together as in Table IX. 

The xylem in the upper and middle parts is of pH 4‘4—4*0 
or practically restricted to pH 4*4 with the use of bromo-cresol 
green. In the lower part it is usually more acid, in i)art (h k) 
or as whole (i k). The first range is pH 4*4—4*0 or pH < 3*4; 
the second is pH 4*0 or pH < 3*4, so that altogether the xylem 
of the lower part is distinctly more acid than the xylem of the 
upper and middle parts. 

The central pith is more acid in the lower part of the twig 
in February, March and April, and more acid groups of colls 
appear in the pericyclc in the first two months. 

The majority of the cells from the epidermis to the phloem 
w(T<^ more acid in the lower parts of the twigs for April (part), 
May (part) an<l Juno. 

(Considering only the upper and middle parts the epidermis 
and siih-epiderrnis w(Te of jiH 5*() in June, July, So})tembor and 
October, also one twig in November, one each in March, April 
and May. At. other times the range was pH 6*2—4*8, making 
the winter raiig(‘ more acid and the summer range less acid in 
these tissues, with some exceptions. 

The reaction of t.he cortex and (mdodcrniis was jmedominantly 
l(\ss a(iid from March to October, more aeid from November to 
February, wit.h August as an exception in the case of the endo- 
derruis. The pericyclc and phloem showed similar winter and 
summer ranges, with August a more acid exception as in the 
ondodermis, and the winter more acid range extended to include 
March, the summer range being from April to October with 
greater acidity appearing in both May and August in the case 
of the i)hloem. 
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Table IX. Veronica sp, X V. andersoni 


Date 

Indicators i 
Part 1 

t 

■& 

1 


1 

© 

1 

e 

1 

I 

Pi 

4 

Pm 

1 

© 

i 

1 

1 i 

•g .3 

Part of stem 

1926 














June - . 

5UM 

c 

c 

c 

c 

0 

0 

h 

c 

cM 

« 

.■» - 7'6 

T.S.B 

July . . 

SUM 

c 

c 

c 

0 

c 

0 

h 

c 

C 

('1 

3-6*0 

T.K.B 

August. . 

SUM 

e 

e 

c 

e 

0 

e 

h 

c 

0 

0 

2 6*0 

T.H. 

i> • • 

SUM 

6 

e 

e 

6 

6 

0 

b 

c 

0 

0 

1-6*0 

B. 

September 

SU 

c 

c 

a 

a 

a 

c 

h 

c 

a 

0 

1—6*0 

T. 


M 

c 

0 

a 

c 

0 

0 

h 

c 


e 



99 

SU 

c 

0 

a 

a 

0 

c 

h 

0 

a 

0 

2-6*0 

S.B. 

99 

M 

c 

c 

a 

c 

0 

c 

h 

c 

a 

0 



October . 

SUM 

c 

0 

c 

c 

0 

0 

h 

c 

0 

0 

1-6*5 

T. 

»» 

SU 

c 

0 

0 

c 

c 

0 

h 

c 

c 

0 



>» • 

M 

c 

c 

0 

c 

0 

c 

h 

0 

a 

0 

2- 6*0 

K.B. 

November 

SUM 

e 

e 

e 

e 

e 

0 

h 

0 

G 

e 

1-7*5 

T. 

99 

SUM 

0 

c 

0 

0 

c 

0 

h 

c 

c 

0 

1- 7*5 

K. 

99 

SUM 

e 

e 

G 

e 

e i 

0 

h 

0 

e 

0 

1 7*5 

B. 

December 

SUM 

c 

0 

0 

e 

e 

c 

h 

c 


c 

3-8*0 

T.K.B. 

1926 














January . 

6UM 

e 

0 

e 

e 

c 

0 


0 

0 

0 

2- 6*0 

T.H. 

9) • • 

6UM 

0 

e 

c 

0 

0 

0 

g 

0 

(f 

0 

1-6*0 

B. 

February. 

6UM 

e 

e 

e 

c 

0 

0 


0 

c 

G 

3-6*0 

T.H.B. 

March . . 

6UM 

e 

c 

c 

c 

e 

e 


c 

c 

0 

1-6*0 

T. 

9* • • 

6UM 

e 

e 

c 

c 

e 

0 


0 

c 

c 

1—6*0 

B. 

99 • • 

6UM 

c 

c 

c 

c 

c 

0 


c 

c 

c 

1—6*0 

H. 

April . . 

6UM 

e 

e 

0 

0 

c 

c 


c 

c 

c. 

o 

1 

T.H. 

99 • 

6U 

e 

e 

c 

c 

c 

c 


c 

c 

c 

1-6*0 

B. 

»♦ • • 

M 

c 

0 

c 

0 

c 

c 

ik 

c 

(• 

G 



May. . . 

SUM 

c 

c 

c 

c 

c 

c 


c 

V. 

G 

1 8*0 

T. 

»» • • • 

6U 

e 

0 

0 

0 

e 

c 

« 

t‘ 

(‘ 

1‘ 

1 8*0 

H. 

»» • • • 

M 

e 

e 

e 

h 

c 

c 


0 

(* 




»» • • • 

6UM 

e 

e 

c 

0 

c 

0 

« 

e 

c 

G 

1 8*0 

B. 

1925 














June . . 

SL 

0 

e 

e 

e 

0 

C‘ 

hk 

(1 

(‘ 

_ 

3 


July . . 

SL 

c 

c 

0 

c 


c 

hk 

(• 

(1 

G 

3 



1) a in TOP twig. 


2) h ill Pate twig. i or c. 
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(i) (g) — groupH of ('(‘IIh. 

Tho ovlcr pith is vory similar to the phlooin throughout-, but 
shows ])H 5-1) instoad of pH 5-0 in the* autumn. (Jreat-or aridity 
oc-ours in the*, central pith from November to January, and also 
in May and August, so that in this tissue the winter condition 
is of shorter duration. The epidermal hairs were uniformly of 
pH 5‘li—4*8. 

C )nsidoring the lower ])arts of the twigs we find mucli the 
same seasonal variation, except in those months wliere the lower 
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parts are more acid than the upper and middle parts of the twigs. 
Because of this other phenomenon the range pH 5*2—tends 
to predominate in most tissues throughout the year, Jtily and 
September are the only two months showing lessor acidity in 
most of the tissues, with also one side twig in November and one 
side twig in March. 


Vibu/ntmni tinus 

This material was obtained from a bush in a sholtorccl position 
in the Research Garden, Queen’s University. The results are 
summarised in Table X. 

Again we find the xyUm walls about pH 4*4 in the upper 
parts and about pH 4*0 or pH < 3-4 in the lower parts of the twigs. 
The pericycle also shows this same kind of variation. 

With the exception of the basal twig for September (pH 5-9) 
and parts of the top twig for May (pH 4*4), the epidermis is uni¬ 
formly in the range pH 5-2—4-8. The same September twig and 
groups of cells at pH 5*6 in July form the only exceptions to ])H 
6'2—4*8 for the avh’-epidermis. 

The cortex is mainly in the same o range; exceptions being 
odd cells in the July twigs, two of the three April twigs and' the 
middle part of the basal twig for May, which were all of pH 5'G. 
The basal twig for September was less acid# pH 5*9. The endo- 
dermis was nearly similar, being of pH 5*6 in July and for the 
top and side April twigs, as well as for the basal September twig. 

The pericycle^ apart from the acid, h k or i k, lower parts, 
was usually in the common range pH 5*2—4*8 and showed no 
seasonal variation. 

The phloem was mainly in the range pH 5*2—4*4; the one 
exception being the relatively alkaline basal twig for September. 
It is clear that a solitary variation of this character requires 
re-investigation. It should be noted that nearly all the tissues 
of this twig, upper, middle and lower parts are recorded as of 
an abnormally low degree of acidity. Other similar cases occur 
and we view these records with suspicion. The reaction may 
actually be abnormal for some unexplained reason, or something 
abnormal may have happened during the process of determining 
the reaction. Absolute cleanliness is a very necessary condition 
for succes with the Range Indicator Method. A new set of watch- 
glasses, a badly washed razor, a suspicion of free alkali or oven 
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Table X. Viburnum tinus 



(1) natural pink. 
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a rather heavy sigh with its accompanying exhalation of carbon 
dioxide may spoil a whole series of sections. The won(l(T is not 
that we do come across abnormal results in an analysis of this 
extent, but that the reaction of the tissues can be dcmonstraied 
in any case as being in exactly the same range throughout the- year. 

Reverting to the variation shown by the fhlocm within the 
range pH 5*2—4-4, the lower range pH 4-4 occurs only in oik^ or 
both of the two lower parts of all twigs in March and April, in 
one twig in May and in two twigs in June. There is tlius an 
indication of a summer more acid condition of the j)lilo(‘rn in this 
case, with pH 5*2—4*8 more or less constant during the rest of 
the year. 

The 'pithy apart from the abnormal September twig, sliows 
pH 6*2—4*8 throughout the year, with pH 4*4 only in some 
cells in the lower part of the April twigs, and some cells of pH ryi\ 
in the middle part of the side KSej)temher twig. 
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Tho Jiairs in this stem show considerable variation. Omitting 
the one abnormal September twig, the range is pH 5-2 to pH < 3-4. 
Tho higher range, pH 5*2—4-8 appears only in some of the hairs 
in May and in all of them in July and October. No clear seasonal 
variation can be traced, although there is some indication of a 
short, loss acid, summer period. The cuticle, where observed, 
was uniformly of ])H 4*0 or pH < 3*4, 

DISCUSSION 

The ])rosont series of records as summarised in Tables I—X 
differs from tliose given for the sunflower (Chapter XII) and tho 
bean (Chapter XIII), These latter two are annual j)lants which 
show some changes in tissue reactions at special stages in their 
life-periods, such as at germination, during lignification, when 
maturing as full-grown flowering plants and so on. The present 
series d(«ils either with stems which survive the winter as in the 
woody plants used, as also in the hairy duckweed and wallflower, 
or with stems which are renewed in one way or another throughout 
the year as in the dcadnettle and groundsel. 

In the former cases we can distinguish the stages of ligni¬ 
fication and maturing, ])articularly in the woody stems, as reaction 
diff(‘rences between the upper, middle and lower parts of the 
stems. This asj)ect has already been mentioned in connection 
with most speciies and it is only necessary to point out that, in gene¬ 
ral, maturing changes in stem tissues seem to involve increases 
in the ac-tual acidity of the tissues. Many excjeptions to this 
t(mden<!y and some records in the oi)posite sense, where the lower 
parts are lens acid than the ui)per parts, all show that this must 
be taken mendy as a general indicjition and not. as a rule*. Much 
more work of this kind is n^quired b(‘f<)re w(^ can say we regally 
know the reaction changes whi(di are t.h<‘ e.aus(‘ or result, of 
maturing changes in stem tissues. 

As yet tho normal concomitance of lignification and iiuu*(*asing 
acidity and also the concomitance of maturing chlorenchyma. and 
decreasing acidity are about tho only general ])hen()mena of 
r(^a(tti()n changes which are related in a reasonable way to thc‘ 
rcsst of our knowledge of plant physiology. In the forriier cas(‘ 
a causal relation is far from being demonstrated. In tho latter 
case, although the increased \ising up of the carbon dioxide of 
rt'spiration .seems a plausible explanation, tlie decreased actual 
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acidity recorded for mature chlorenchyma should firstly be taken 
with reserve on account on the difficulty of determining oven 
the colours given by the indicators in green tissues and secondly 
be regarded as possibly connected with buffer changes and/or the 
general carbon dioxide balance or with metabolic effects other 
than simple photo-synthesis of respiratory carbon dioxide. 

Apart from these changes due to maturing, the present records 
show clearly that in some stem tissues of some of the plants 
examined the hydrion concentration remains remarkably constant 
throughout the year. Variations, usually to a slight extent, oc(!ur 
which do not seem to be related to the season or to stages in the 
life of the plant; and in a few cases unexplained fluctuations of 
considerable extent do occur. 

Other variations are recorded which appear in some successive 
months of the year and not during the rest of the year. Those, 
whether related to metabolic changes or not, are for present 
purposes described as ‘‘seasonal”. The main seasonal variations 
have been summarised in Table XI, the acidity being marked 
according to whether it is greater (plus) or less (minus) during 
the months named in the following column. The plus and minus 
signs are therefore no indication of the actual hydrion concen¬ 
tration, but indicate only whether the actual acidity is greater 
or less than during the rest of the year. During the periods given 
there may or may not be some slight variation in one or more 
of the stems or parts of the stems used for each month. The 
periods are, therefore, to be taken as indicating general tendencies, 
with months which are clearly exceptions given in brackets or 
otherwise. 

In Table XI U. M. and L, are used in the first column where 
the seasonal variation applies only to one or two parts of the stems. 

Considering the seasonal variations found, hairs both in 
Cerastium and Viburnum are less acid in October, while in J^erierio 
they are more acid in January and February. Superficially the 
lesser acidity of the hairs in Cheiranthus (shade) for November 
and December seems to be similar to the first records, but it should 
be pointed out that the hairs in the sun plants were uniformly 
of pH 6*9, while those of the shade plants from June to October 
were more acid, pH 5‘2—4*8 and attained pH 6'9 in November 
and December. One might have expected the summer condition 
of the shade plants to resemble the condition in the sun plants, 
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Table XI. Seasonal summary for stems (to show general tendencies) 


Plant 

Tissues 

1 Winter Changes 

Summer Changes 

Acidity 

Periods 

Aoidity 

Periods 

Ceraaiiim 

Hairs 

_ 

October 



tomentoftum 

Epidermis 

+ 

October—^May 

— 

J Illy- September 


Epidermis 

+ + 

January 




Cortex 

+ 

Februar—March 




Phloem 

VV\ 1 

Erratic 

Nov.—Jany. 

4- 

July 

Oheiranthus 
cheiri (Sun) 

Sub-Epid. \ 
Cortex j 

+ 

I Plant October 




Eiidodormis 

+ 

October 




Endodermis 

4- 4- 

Nov.—Jany. 




Phloem 1 

Pith,central j 

4- 

December 



Chriranthtis 

Hairs 

— 

Nov.—Dec. 



cheiri L.— 

Epidermis 



4- 

June—July 

(Shade) L.— 

Endodermis 

+ 

Nov.—Feby. 



Lamixm 

Sub-Epid. 

— 

Dec.—M‘\reh 


June 

•purimrcum 

Sub-Epid. 



— 

July 

L.— 

Pith, my 



-h 

July-Oetober 

Senmo vulgaris 

Hairs 

+ 

Jany.—Feby. 




Epidermis 

— 

Dec. and Feby. 

4- 

M. L. May 


Pith, ray 


Sept, and Nov. 
Jany.^—March 



Aticiiba japo- 
pouica 

Epidermis 

f\ 

i 

Aim.—Feby. 
(April) 

4- 

(Miirch) May- 
July 


Hpidermis 

4- 

D(*cember 




Siih-Epid. 

(\)rtcx 

End()(h‘niiisj 

t 

December (Oct.) 

f 

(April)May - 
Jun<* 


Pericyclc 

-} 

D(*cemb(‘r 

t- 

April June 


Phloem 



__(l^t) 

Ligustrum 

vulgnrc 

Epidermis \ 
Sub-Epid. j 

4- 

Oct.—April 

— 

J line-September 

U.M. chiefly 

(Cortex 1 

Endodc^rmisj 
Pericyclc 

4- 

December 

— 

May—Ot'tober 

-h 

Nov.—April 

4- 

July 


IMilocm 

+ 

Nov.—April 

-1- 

July 


Phloem 



— 

May—OctolxT 


Pith 

— 

Aug. — Feby. 

+ 

March—July 


-h — More acidity. — — Less acidity. 


Protoplasma-Monographien TT: Small 11 
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Table XI (contd.) 


Plant 

Tissues 

1 Winter Changes 

Summer Changes 

Acidity 

Periods 

Acidity | Periods 

Rhododendron 

pontinm 

U. M. 

Epidermis 

Sub-Epid. 

Pericycle 

+ 

+ 1 

Eebruayr 

(August) 

Nov.—^May 


Juno—Octolx'r 

Vero7iica 

hybrid 

U. M. 

Epidermis \ 
Sub-Epid. / 
Cortex 1 

Endodermisj 

Pericycle 

Phloem 

Pith, ray j 

Pith, central 

(Most) 



Juno—July 
Sopt.—Oct. 
March—J illy 
Sopt.—Oct. 
April—July 
Sopt.—Oct. 

June—July 
Sept.—Oct. 
February—»July 
Sept.—Oct. 

July. Sopt.-Oct. 

Viburnum 

Hairs 

— 

October 

— 

May and July 

tinus 

Cortex ) 





M. L. 

Endodermisj 




April—July 


Phloem 



+ 

March—ijfimo 


Pith 



+ 

April 


+ = More acidity. — = Loss acidity. 


but here we get the reaction of the hairs in the shade j)lanis 
during the last two months of the year the same as that in the 
sun plants throughout the year. Further investigation of this 
point is clearly suggested. One might theorise glibly, as wit.h 
other reaction phenomena, but we do not knowj and the more 
acid winter condition of the hairs of 8e,necio introduces a com¬ 
plication which forbids generalisations. 

The epidermis in Senecio and Aucuba and the sub-epidermis 
in Lo/miuM and the pith in LigustTwn are the only other tissues 
showing a less acid winter condition. It should be noted that 
the only tissue internal to the sub-epidermis which shows lesser 
acidity in winter is the pith of the privet. In Lamium the lesser 
acidity also occurs in July (for the sub-epidermis), so that it is 
not confined to the winter. This summer variation may be connec¬ 
ted with the main flowering period, as also may the increased 
acidity in June. 













VARIATIONS IN REACTION ~ DIURNAL AND SEASONAL 163 


Apart from these outer tissues, all the winter variations are 
in the direction of increased acidity. Decreased photosynthetic 
activity is the facile explanation of this tendency but it is more 
probable that the true explanation is complex and probably in¬ 
volves the separate consideration of each tissue and possibly of 
feach species. It may, however, be noted that the tissues showing 
this increased acidity include the cortex, endodermis and phloem 
in four of the five shrubs and two of the herbaceous species exam¬ 
ined ; the epidermis in three shrubs and one herb; and the sub¬ 
epidermis in four shrubs. The pith is clearly less subject to 
seasonal changes than are the outer tissues like the epidermis, 
sub-epidermis and cortex, or the inner but more active cells of 
the phloem. 

The summer changes are more varied in their direction. 
Amongst the herbs such changes as occur may be connected in 
some still obscure way with the flowering period, but the extended 
period of increased acidity in the outer pith of Lamium seems 
more probably a maturing change involving lignification of the 
walls of that tissue. The other relatively long period of lesser 
acidity in the epidermis of Cerastium is complementary to the 
winter i)eriod of increased acidity which reaches a maximum in 
January. 

Amongst the shrubs the Veronica records, when one eliminates 
the lower part of the stem, show very clearly two seasons. One 
a winter period of greater acidity and the other a longer or shorter 
summer period of lesser acidity, with August as an exception 
to the summer range. In the lower part of the Veronica stt^rns 
the summer ])eri()d of lesser acidity is reduced to one month (tFuly) 
for most of th(‘ tissues showing any seasonal chang(*. 

In Viburnum the cortex and endodermis show a short summer 
period of lesser acidity and this species might he added to the 
other four shrubs showing a greater acidity in winter, but the 
lesser acidity occurs sporadically during the summer months, in 
April, June and July (see Table X). 

The phloem shows greater acidity for a short period during 
the summer in Cerastium, Aucuba, Ligustrum and Viburnum., 
As already suggested this may he connected with the flowe¬ 
ring period, but two of the shrubs are kept trimmed and do 
not flower, so that if there is any connection it would appear 
to be with preparations for flowering or with changes ooncomi- 

11 * 
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tant with the flowering period rather than a cause or effect of 
anthesis. 

The perioycle in Rhododendron and Veronica has a more acid 
winter period with a complementary less acid summer period. 
But in Ligustrum and Aucuba a more acid winter period is shown, 
together with a short more acid period in July or during April 
to June. 


CONCLUSIONS 

The data obtained enable us to draw a few limited conclusions 
concerning the hydrion concentration of the stem tissues in the 
plants examined- Further, as those stems represent herbaceous 
and woody types, also relatively less acid types such as Oheiranthus 
and Aucvia, and more acid types such as Rhododendron and 
Viburnum, we might expect any general indications to bo more 
or less applicable to other oases. We have, however, no data 
of the seasonal changes, if any, in the acid typo of herbac(^.ous 
stem such as occurs in the Polygonaceae and Geraniaceae (see 
Chapter X). 

Our conclusions may be summarised as follows — IN THR 
PLANTS EXAMINED — 

1. The hydrion concentration of the inner tissues pith and 
xylem tends to remain constant throughout the year or to 
fluctuate only slightly without any obvious correlation be- 
ween the changes and the seasons. 

2. The hydrion concentration of the cortex, endodermis and 
phloem tends to increase during the winter or decrease during 
the summer in most species. 

3. The epidermis and sub-epidermis, particularly in the woody 
plants examined, tend towards greater acidity during some 
part of the winter period. 

4. The seasonal variations normally affect the outer tissiu's 
much more than the inner tissues. 

5. Each tissue and each species should be considered as an 
individual case when any explanation of the mechanism of 
these variations is considered. 

6. Apart from the seasonal changes a general increase of acidity 
is found to be concomitant with lignification and similar 
processes which take place in the lower parts of the skuns, 
especially in the shrubby plants. 
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That such conclusions are reasonable deductions from the 
data obtained seems to us quite clear. That such conclusions are 
possible seems to us to furnish further proof of the value of the 
Range Indicator Method as a practical process for the deter¬ 
mination of the hydrion concentration of plant tissues, perhaps 
with a lesser degree of accuracy but with a greater degree of 
certainty than is possible with the many other methods which 
have been reviewed above, Part II. It is true that what is deter¬ 
mined by this method is the range within which the actual reaction 
lies, but it is also true that variations occur which bring the hydrion 
concentration out of one range and into another. The variations 
which occur under natural conditions are, in fact, so large that 
for the purpose of a general survey of the actual acidity of plant 
tissues the Range Indicator Method is distinctly useful, 

SUMMARY 

1. The Range Indicator Method has been applied to the deter¬ 
mination of the hydrion concentration of the stem tissues 
of selected herbaceous and woody plants throughout the year. 

2. A striking uniformity of pH has been found in several cases, 
sec Tables IT, III, IV, VIII and X. 

3. Variations have been observed, and these may bo grouped 
as changes with maturing, seasonal changes and fluctuations. 

4. Maturing changes show from upper to lower parts of the 
stems and are usually in the direction of increased acidity, 

6. Seasonal changes occur in the outer rather than in the inner 
tissues. 

6. For general deductions the reader is referred to the sectiem 
luwled “(^oindusions”. 

(Comparing these n'sults with those' of Abbott on a])pl(* and 
peach tips (fig. 17); 

1. July is seen to be a summer month wlnni the tissiu's are 
frequently more acid; 2. the herbaceous stems examined, togc^ther 
with those of AucMba and Ligysirum, show various periods of 
increased actual acidity, like those in the apple but longer in 
duration and usually later in the year; 3. in Rhododendron and 
Vero7iica stems there is a short acid period in August and a long(‘r 
acid period covering November to January or later to May; 
this acid winter condition contrasts with the high winter pH 
values in both apple and peach; 4. the data for the juice again 
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appear to be averages for all the tissues as in Bryophyllum but, 
of course, the plants examined are different and close comparison 
is not possible. It should be noted that apple and poach belong 
to Rosaceae, an “acid** family, which might be bettor compared 
with Mx>dodendron than with any of the other S£)ecios examined 
by the R.I.M. 

(b) Oymnosferm Leaves, 

Doyle and Clinch (.1926 p. 232) using Atkins’ droj) in¬ 
dicator method, reported a relatively constant pH for tho 
pressed juice of conifer leaves, thus — 


Seasonal Values of pH of Gonifer Leaves 



1925 

1»26 

May 11 

June 12 

July 31 

Aug. 24 

Sept. 26 

Oct. 22 

> 

Jan. 13 

Austrian Pine 

3-8 

3-7 

3-9 

3-5 

37 

3-6 

3-6 

3-9 

Pinus montana 

— 

— 

— 

3*6 

— 

3*8 

— 

— 

Tsuga .... 

3-6 

3-2 

3*3 

3*6 

3-5 

3-5 

3« 

3*5 

Abies .... 

3-7 

3*5 

3*7 

3-6 

3'8 

3-7 

4-3 

3*7 

Sitka Spruce. 

3*6 

34 

3*6 

3*7 

3-7 

3-7 

3-7 

3-7 

Oupressus . . 

— • 

4-6 

4-6 

51 

51 

6’0 

4-8 

5*1 

Juniperus . , 

— 

4-6 

4-6 

5'2 

5-3 

54 

5-3 

5*3 

Larch (Eur.) 

3*3 

3-5 

3-8 

4*1 

3-8 

4-3 

fallen 

fallen 

Douglas Fir . 


— 

— 

3-7 

— 

— 

— 

— 


These records show a variation, but, considering the method, 
it would be difficult to trace a seasonal significance in tho 
changes. 


(c) Angiosperm Leaves 

The tissues of the leaves of several herbaceous and shrubby 
plants were investigated at monthly intervals throughout tho 
year by Rea and Small. The methods wore as doscribod for 
stems, the upper, middle, and basal part of each Ic^af being scc- 
tioried. In the case of shrubs the end leaf from a twig on tho 
top, side and base of each shrub was taken; this is indicated 
by T. S. B. in the tables below. The results are here publi¬ 
shed for the first time and are summarised below in Tables 
XII-XXI, 
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Table Xlll. 


Saxifraga umftromi. 



Indicators 
Part 1 

- - 


ea 



■y 

CO 

1 

£ 

Size in cms. 

Bate 

Upper epiden 

Palisade 

parenoliym 

Spongy 

parenchym 

Xylem 

Phloem 

1 

1 

Guard cell 

Lower epider 

!• 

J 

■s 

1925 












June .... 

5UML 

h 

h 

h 

h 

h 

h 

h 

h 

a 

4-3 












3-7 












:j*7 

July .... 

5UML 

h 

h 

h 

h 

h 

h 

h 

li 


7 












:v7 












:m 

August . . . 

,5 UML 

li 

h 

h 

h 

h 

h 

h 

h 


;j*7 

September . 

5UML 

h 

h 

h 

h 

h 

h 

h 

h 


3-7 

October . . . 

6 UML 

h 

h 

h 

h 

h 

h 

h 

h 


;m 












25 












3-1 

November. . 

5UML 

h 

h 

h 

h 

h 

h 

h 

h 


3*7 












55 

December. . 

6 UML 

h 

h 

h 

h 

1. 

h 

li 

Ii 

a 

3-7 

1926 












January . . 

6 UML 

« 


g 

g 

g 

g 

g 

« 


3-7 












3*7 












4-3 

February . . 

6 UML 


g 

g 

g 

g 

g 

g 

g 


2-5 












5-5 

March . . . 

6U 

i 

g 

g 

g 

g 

g 


g 

:} 

2 5 









^ g 



2-5 












3-7 

ff ... 

ML 


g 

g 

g 

g 

g 

g 

g 



April .... 

6 U 

« 


gi^) 

g 

g 

g 

g 

g 

:j 

3*7 

.... 

ML 

i 


gi 

g 

g 

g 

g 

g 



May .... 

6U 

fii') 

g 

g 

M 

g 

c 

g 

g 


4*3 

9 .... 

M 

gi 

gi 

gi 


g 

e 


(' 



99 .... 

L 

gi 

gj 

gi 

g! 

g 

0 

c 

0 




1) pH 4-4 with spots of pH 4-0; hairs pH, 4 4 or pH 4-1. 
Leaves were both young and old. 
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Table XIV 
Limnanihes Douglaaii 


BASES OP LEAFLETS 


Date 

1 

•si 
g g 

0) 

1 

(§• 

Palisade || 

parenchyma | 

Spongy j 

parenchyma || 

Xylem || 

g 

1 

Bundle sheath | 

1 

o 

t 

1 

O 

T 

■& 

i 

No. of leaflets i 

1925 













June . . . 


5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

July . . . 


r> 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

August . . 


5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

September 


5 

UML 

a 


a 

h 

a 

a 

a 

a 

3 

Oetobor. . 


5 

UML 

a 

a 

a 

li 

a 

a 

a 

a 

3 

November. 


5 

UML 

c 

c 

c 

h 

c 

c 

c 

c 

3 

Docembor. 


5 

UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 

1926 













January . 


6 

UML 

a 

a 

a 

g 

a 

a 

a 

a 

3 

February . 


6 

UML 

a 

a 

a 

g 

a 

a 

a 

a 

3 

March . . 


6 

UML 

a 

a 

a 

g 

a 

a 

a 

a 

3 

April . . . 


« 

UML 

a 

a 

a 

g 

a 

a 

c 

c 

3 

May . . . 


6 1 

UML 

c 


c 

1 

c 

c 

c 

c 

3 
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OHAPTJiJK, XI 


Table XIV (contd.) 



(«) walls; (o') spots; (o) walls; (o') spots; e* in one leai only; hairs 
and glands e throughout; cuticle e or g. 





























VARIATIONS IN REACTION — DIURNAL AND SEASONAL 171 



(e) walls; (o') spots; (o) walls (o') spots; o* in one leaf only; hairs 
and glands 6 troughout; cuticle e or g. 
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CHAPTER XI 


Table XVI. Aimiba jwponka 





t “ 

1 

1 

1 

1 

1 


1 


Date 

Inidicators 

Part 

Upper epidermii 

Palisade 

parenchyma 

Spongy 

parenchyma 

Xylem 

Phloem 

Bundle sheath 

Guard cells 

Lower epidermi 

No. of leayes 

Position on shru 

Size in cms. 

1925 

1 











June . , 

6U 

c 

c 

c 

e 

0 

a 

c 

c 

1 T 

5-6 

»» • • 

ML 

c 

c 

C 

h 

c 

a 

0 

c 



99 * • 

5U 

e 

0 

0 

e 

e 

0 

0 

0 



99 • • 

ML 

0 

e 

e 

h 

0 

c 

0 

0 

2 SB 

5, (i-2 

July. . . 

6UML 

c 

0 

c 

h 

c 

a 

c 

c 

3 TSB 

7-5, «*2,0-2 

August . 

6U 

a 

a 

a 

h 

a 

a 

a 

a 

3 TSB 

10,7-5,11 *2 

»» • • • 

ML 

a 

a 

a 

h 

a 

a 

c 

c 



September 

5UML 

a 

a 

a 

h 

a 

a 

a 

a 

3 TSB 

IO,(i-2,«-7 

October . 

5UML 

c 

c 

c 

h 

c 

c 

c 

c 

3 TSB 

13-7,11 •7,8*7 

November 

5U 

&i 

a 

a 

h 

fli 

a 

a 

a 

3 TSB 

8-1, 10,5-6 

99 

LM 

a 

a 

a 

h 

a 

a 

c 

c 



December 

6UML 

e 

6 

0 

h 

e 

e 

0 

0 

3 TSB 

137,112,10 

1926 












January . 

6UML 

a 

a 

a 

g 

a 

— 

a 

a 

3 TSB 

10, 7-5, 6*2 

February, 

6UML 

0 

a 

a 

g(i) 

a 

a 

c 

c 

2 TB 

0-3, 5 

99 

leUML 

a 

a 

a 

g(i) 

a 

a 

c 

a 

I S 

5 

IVIarch . . 

6UML 

a(c) 

a 

a 

g 

a 

a 

(1 

a(c) 

3 TSB 

9-3, r) (>, 5 

April . . 

6UM 

a 

a 

a 

g 

a 

a 

c 

a 




L 

8f 

a 

a 

g(i) 

a 

a 

(t 

a 

2 TS 

12-5, 7-5 

99 * • 

6UM 

0 

a 

a 

g 

a 

a 

c 

0 




L 

0 

a 

a 

g(i) 

a 

a 

c 

c 

1 B 

6*2 

May. . . 

6UM 

0 

c 

c 

g 

c 

a 

c 

c 




L 

0 

c 

c 

g 

c 

c 

c 

c 

3 TSB 

5-6 


T.S.B.=top, side, base of shrub. 

(c) walls; (i) in part; cuticle g or i. 

LEAVES OF llERItS 

Dianthw caryophyllm. — The xylcni and fibres are acid 
throughout. The other tissues vary mainly from a to o, (pH 
to pH 6-6). The more acid range e (pH 6-2 to 4-8) occurs in most 
tissues in December (Ileaf), January (bases of 3 loaves), Fe¬ 
bruary (middle and base of 3 leaves). This acid range also occurs 
occasionally in the upper epidermis and the phloem, but the 
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Table XVII 
Ligiistrum mlgare 



ilHt JI 

I 2|*| M s 

S Ph pH 

P 



1925 

June . . 5 UML c 
July. . . 5 UML 0 

. 5 UML c 

5 UM e 

• • • L e 

September 5 UM e 

„ L 0 

5U e 
M e 

L c 

October . 5 UML e 

November 5 UM e 
L e 

December 5 UML e 
„ 5 UML e 


3TSB 1-8, 1*2, 2*: 


3TSB 1-8, 2* 5,3-'; 


e 3TSB 1-8, 2 5, 31 

e 

c 3TSB 3'7 

e 2 TS 3-7 

e 1 B 3-7 


1925 

January 

K.‘bruary 
March . 


. 5 UML a a a ^ a 

. (} UML e e c ji; 0 

^ 5 UML e e a g e 

. ()UML e e e e 

. ()UML (‘ (‘ (• fi; (• 

. (S UM e e e e 

L a a a ^ a 

. () UML e e c e 

. ($ UM c e e g 0 

L e c 0 g 0 

. OUML e c c g 0 

T.S.B. top, side, base of shrub, 
e' thin-walled fibres. 


IT 3-7 

2 SB 4-3 
3TSB 31, 31, 2 5 
1T 2-5 

2 SB 31 


3TSB 2-5 


niOH()])hyll, i. o. palLsadc and spongy pfirenchyma is aoid only 
in the ono December leaf and in the basal parts of tlic January 
leaves. 
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Table XVIII 
Rhododendron ponticum 


Date 

Indicators 

Part 1 

Upper epidermis, 

1 

Palisade ] 

parenchyma 

Spongy 

parenchyma 

Xylem j 

1 

Fibres 

Bundle sheath 

Guard cells 
Lower epidermis I 

i No. of leaves * 

Position on shrub 

Size in chis. 

1925 













June . . 

5UM 

e. 

e 

0 

e 

h 

e 

e 

e 

0 

3TR1J 

4*3 

■ 

L 

e 

e 

c 

0 

h 

6 

h 

0 

0 



July. . . 

5U 

h. 

h 

e 

6 

h 

e 

e 

e 

e 




M 

h‘ 

h 

e 

e 

h 

h 

h 

6 

0 

3Tsn 

6-2 


L 

h‘ 

h 

h 

h 

h 

h 

h 

h 

h 



August . 

6UML 

h. 

h 

e 

e 

h 

h 

hk 

e 

e 

3TSB 

7*5, 8*7 

September 

5UML 

h 

h 

e 

e 

h 

h 

h 

6 

0 

3TRB 

10, 7-5 

October . 

5UML 

h 

h 

0 

6 

h 

h 

hk 

0 

0 

3TSB 

10.10, (>-2 

November 

5U 

e 

6 

e 

e 

h 

h 

6 

6 

0 




ML 

h 

h 

e 

e 

h 

h 

hk 

e 

0 

3TSB 

5, 7-5, 5 

December 

5U 

6 

e 

0 

e 

h 

h 

hk 

e 

0 




ML 

e 

6 

e 

e 

k 

h 

hk 

0 

0 

3TBB 

0*2 

1926 













January 

6U 

g 

g 

e 

e 

g 

g 

g 

e 

e 




M 

gi 

gi 

e 

e 

g 

g 

ik 

0 

c 

3TSB 

8*1 


L 

gi 

gi 

e 

e 

ik 

g 

ik 

0 

0 



Febniary 

6U 

g 

g 

e 

e 

g 

g 

g 

0 

c 




M 

gi 

gi 

e 

e 

g 

g 

g 

e 

e 

3 THB 

7f) 


L 

gi 

gi 

e 

e 

i 

g 

ik 

0 

(‘ 



March . . 

6U 

g 

g 

e 

e 

g 

g 

g 

e 





ML 

gi 

gi 

e 

e 

i 

g 

i 

e 

0 

3TSB 

0-2 

April . . 

6U 

g 

g 

e 

e 

g 

g 

g 

0 

e 




ML 

gi 

gi 

e 

e 

ik 

g 

ik 

0 

e 

3TdB 

0-2 

May . . 

6U 

e 

e 

e 

e 

g 

g 

g 

e 

e 




ML 

e 

e 

e 

e 

i 


ik 

e 

e 

3TSB 

5*0 


cuticle k. 

Saxifraga umhrosa, — All the tissues throughout this leaf 
and throughout the seasons are in the range pH 4-4—4*0 (gh i), 
with one variation to pH 5*2—4*8 in May in the bundle sheath, 
lower epidermis and guard cells. 

LimmnChea DcyogJasH, — This leaf is thin and very green, so 
that it was possible to investigate only the bases of the leaflets 
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Table XIX 


Veronica andersoni x F. sp. 


Date 

1 1 

o 

1 

J 

1 

Palisade | 

parenchyma | 

Spongy 1 

parenchyma | 

Xylem | 

i 

1 

"S 

1 

Guard cells and 1 

Lower epidermis | 

11 

JS g 

‘‘.S 
^ 1 

i 

.a 

.1 

CQ 

1925 












Jun^ . . 

6UM 

e 

e 

e 

c 

h 

e 

c 

e 

3TSB 

2*5 


L 

e 

e 

e 

c 

h 

c 

e 

e 



July. . . 

6U 

0 

e 

e 

e 

h 

e 

e 

e 

3TSB 

1-9 


ML 

0 

0 

e 

c 

h 

c 

c 

e 



August . 

5U 

0 

e 

c 

e 

h 

e 

e 

e 

2TS 

25 


ML 

0 

e 

e 

c 

h 

e 

e 

e 



t* * • 

6 UML 

0 

e 

e 

e 

h 

e 

e 

e 

IB 

2S 

September 

SUM 

0 

e 

e 

e 

h 

e 

e 

e 

IT 

2*5 


L 

e 

6 

c 

c 

h 

0 

e 

e 



tf 

SUM 

c 

e 

e 

e 

h 

e 

c 

e 

2 SB 

25 


L 

e 

e 

c 

a 

h 

e 

e 

0 



Ocb l)or . 

S UML 

0 

0 

c 

c 

h 

c 


c 

3TSB 

2 5, 19, 1-0 

November 

S ITM 

e 

0 

e 

e 

h 

e 

e 

e 




L 


0 

0 

a 

h 

e 

0 

V 

3TSB 

25 

December 

5 UML 

0 

e 

e 

e 

h 

0 

e 

0 

3TSB 

31 

1926 












January . 

6 UML 

e 

e 

e 

e 

g 

e 

e 

e 

3 TSB 

25 

February 

6 UML 

e 

e 

e 

e 

g 

e 

e 

e 

3 TSB 

2-S 2 S, 1-9 

March . . 

6 UML 

e 

e 

e 

e 

g 

e 

e 

c* 

2 TB 

1-9 

»» • • 

UMl. 

(• 

<• 

0 

c 

g 

c 

(* 

(■ 

1 S 

1-9 

April . . 

6 UML 


<* 

e 

(• 

g 

e 

(• 

e 

IT 

1-9 

• • 

6 UML 

(‘ 

(* 

e 

<* 

g 

e 



1 S 

1-9 

»> • * 

6UM 

(* 

(* 

e 

f 

g 

c 

(• 

(* 

1 H 

1-9 


L 

c 

e 

e 

e 

g 

e 

(‘ 

0 



May 

6UL 

c 

e 

e 

(* 

g 

<! 

(t 

(! 

2 TB 

37 


M 

e 

c 

e 

c 


c 

e 

c 



»» • • 

6 UML 

e 

e 

e 

0 

g 

e 

e 

e 

IS 

25 


Hairs © throughout where they occurred. 


and the petioles. The letters UML are here (Table XIV) used 
to indicate the j)Osition of the leaflet on the leaf, not the n])per, 
middle and basal portions of the leaflets. In the bases of the 
leafhds ibe ])H values for all tissues except the xylem were mainly 
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Table XX. tmus 


Date 

Indicators 

Part 

Upper 1 

epidermis il 

Palisade {] 

parenchyma 1 

Spongy 1 

parenchyma \ 

i 

§ 

1 

X 

g 

A 

X 

s 

s 

1 

s 

Lower 
epidermis A 

S 

;No of leaves 

Position 
on shrub 

1 

u 

.s 

1 

t/J 

1926 













June . . 

5UML 

6 

e 

6 

h 

e 

e 

C 

0 

he 

2 TK 

8-1, 7-6 


SUM 

C 

e 

C 

h 

0 

0 

c 

0 

he 




L 

e 

e 

0 

h 

h 

h 

0 

0 

he 

1 B 

6*2 

July. . . 

5UML 

e 

e 

0 

h 

0 

c 

c 

0 

hk 

3 THB 

«. 3-7 

August . 

SUM 

e 

e 

e 

h 

0 

— 

e 

0 





L 

e 

e 

c 

h 

e 

hk 

c 

0 

hk 

3 TSB 

6*2, 7-5 

September 

5UML 

e 

e 

e 

h 

e 

0 

0 

0 

h 

IT 

(j-2 

*9 

5UML 

e 

e 

a 

h 

e 

e 

0 

0 

h 

2SU 

7-5, 6-2 

October , 

6UML 

e 

e 

C 

h 

e 

0 

e 

e 

c 

IT 

6 

9t • 

6UML 

e 

e 

C 

h 

e 

h 

e 

0 

c 

1 li 

3-3 

99 

6U 

e 

c 

0 

h 

e 

h 

e 

0 

e 




ML 

e 

e 

e 

h 

0 

h 

e 

0 

c 

1 R 

6 

November 

5UML 

e 

e 

e 

h 

e 

h 

e 

0 

c 

3 TSB 

4-2 

December 

6U 

e 

e 

a 

h 

e 

h 

0 

e 

c 

3 TSB 

7*5 


ML 

e 

e 

6 

hk 

e 

hk 

e 

0 

0 



1926 













January . 

6U 

e 

e 

e 

g 

e 

— 

0 

0 

c 

3 TSB 

6*2 
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e 

i 
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i 
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a 

g 

g 

g 

c 
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e 
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a 

gi 

g 

i 

c 

e 

i 
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5 
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e 

e 

c 

g 

g 

i 

c 

e 
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99 • . 

6U 

e 

0 

a 

g 

g 

g 

e 

c 

i 




M 

e 

e 

a 

gi 

g 

i 

e 

e 

i 
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6 
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L 

e 

e 

c 

g 

g 

i 

e 

c 
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6U 

e 

e 

c 

g 

e 

g 

e 

e 
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e 

e 

c 

gi 

g 

i 

e 

c 

i 
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5 


L 

e 

c 

e 

gi 

g 

i 

c 

e 
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May , , 
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e 

e 

e 

g 

0 

e 

e 

c 

g 




M 

e 

e 

c 

g 

g 

g 

e 

h 

g 
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7*5 


L 

e 

e 

e 

i 

g 

i 

e 

h 

ge 




6U 

e 

e 

e(c) 

g 

0 

e 

e 

e 

g 




M 

e 

e 

e(c) 

g 

e 

e 

e 

0 

g 

2 SB 

<)-2 


L 

e 

e 

c 

g(i) 

e 

e(i) 

. e 

0 

g 
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of pH 6-9, with the lower value pH 6‘6 appearing for all tissues 
in November and again in May, also in the epidermal tissues 
only for April. 

More variation is shown by some tissues of the petioles. 
The usual reaction is pH 5-9, with pH 5*6 appearing in all tissues 
in one August petiole, in the epidermis for September, November, 
December, February, March, May and for one leaf in April. The 
epidermis, therefore, shows a marked summer period of lesser 
acidity in June, July and August, with another appearance in 
January, The cortex shows some cells pH 5*6 in May, as well 
as all cells in one August petiole. The ground tissue of the petiolar 
stele shows the acid range, pH 5*2—4‘S, occasionally — May (3), 
July (1), January (2), thus contrasting periods of lower pH to 
tlie periods of higher pH in the epidermis. This ground tissue 
also varies from j)H 5*6 to pH 5*9 being less acid in the spring 
February—March, and again in summer July (2) and August— 
November. 

Primula vulgaris. — This species shows great variation but 
the main features may be summarised by eliminating the xylein, 
which is always acid, the fibres which show lesser acidity only 
in Mareli-May, and the [)hloem which shows a consistently lower 
pK range (< 5*2) from October to February or March with a 
higher pH in the leaf-tij) from March to October. The other 
tissues show a hjwcr pH in January and February, in July in 
the lower portions of all loaves, and in August for all portions of 
oiKi loaf. 

LKAVKS OF SimUKS 

Aucuha japonint, — The pariMichyniatous tissue's of this 
sp(‘ci(‘s varie's from pH 5*9 i.o pH r)*(> irrc'gularly with th(‘ lowe'i* 
range* pH 5-2-4 •S appe'aring in two tluno le'avevs anel all thre'e* 
loaves for Docembor. 

Ligustrmn vulgare. — The variation in this sjK'cie's is rathen* 
erratic, in the range ])H 5*9—pH 4*0; but with the oxcei)tie>n 
of one July leaf and the upper epidermis e)f the loaf base in August 
there is a distinct summer period of consisUuitly liiglie'i* ])H in the 
])arenchymatous tissues from June to August. With the oxe*option 
of the spongy parenchyma and of one leaf in January th(*r(* is 
also a winter period of general lower pH in these tissues, extc'iiding 
from October to February. 

}*rot(>))l:iHnia-M<)ni)graphuMi II: Small 12 
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Bhododendron ponticum. — All the tissues in this species are 
in the lower pH range (5-2—4*0 or <3-4). The xylom is always 
4.4, and so are the phloem and fibres except in Juno and at the 
tip of the leaf in July. With the exception of the leaf base in 
July (h), the palisade and spongy parenchyma, the bundle sheath, 
lower epidermis and guard cells are always e (5*2—4*8). The 
upper epidermis and hypodermis are usually more acid (pH 
4*4—4*0) but reach the higher pH range e in May and June, also 
in December and for the leaf tip only in November. 

Veronica anderaoni X V. sp. — This species also is usually 
of a lower pH e (6*2—4*8), but shows more variation and reaches 
the higher value e (pH 6'6) for most tissues in March (1 loaf), 
May (2 leaves) and in October (3 leaves). The higher value })H 
5*6 appears occasionally in the palisade parenchyma and more 
frequently in the spongy parenchyma which reaches pH 5*9 in 
the lower portion of the leaves for September and November. 
There is a marked winter period of almost consistently greater 
acidity in all tissues, extending from November to February or 
March (2 leaves). 

Viburnum timi>a. — The differentiation obtained in the leaves 
of this species was noteworthy in several directions. The upper 
epidermis was constant (pH 5*2—4*8); the palisade parenchyma 
varied to a higher pH (5*6) onty in the apical portions of leaves 
for October (1) and April (2). The spongy parenchyma varied 
from e to a irregularly with two periods of more or less general 
higher values, September — October and April. The ])hloem was 
nearly always pH 5*2—4*8 from May (2) to February, being more 
acid pH 4*4—4*0 from March to May (1). The lower epidermis 
and guard cells were usually pH 6*2—4*8, but the guard cells 
in one April’ leaf were pH 5*6 with the lower epidermis at pH 
5*2—4*8 and again in one May leaf (T, ML) they were at pH 
5*2—4*8 when the lower epidermis was at pH 4*4—4*0. These 
are noteworthy in being the only occasions on which a differ¬ 
entiation between guard cells and lower epidermis has been found 
during this investigation. 

These changes are summarised in Table XXI, where the 
months are arranged from September onwards because the 
tabulation showed a natural break in the change periods as a 
whole at that point. 
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Now it can be seen that Dianthus caryophyllus has a less 
acid leaf with a winter period of lower pH. . Saxifraga umbrosa 
has a more acid leaf with a May period of higher pH. Limnanthes 
douglasii has a less acid leaf with a slight fall in pH for November 
and May, together with two periods (January and Summer) in 
which the ground tissue is more acid than usual while the epi¬ 
dermis is less acid than usual. Primula vulgaris, leaf has most 
tissues less acid with a marked period of greater icidity (Jan.— 
Febr.) and some lower pH values in July—^August. The phloem 
here shows a clear winter period (Nov.—Feby.) of higher acidity 
which extends in the middle and for basal parts of the leaf over 
the whole year except May and September. 

Aucuha japonica has a leaf of higher pH with a lower pH in 
December and June. Ligustrum vulgare has a more acid leaf 
with a clear summer period of lesser acidity and except in the 
spongy mesophyll, a clear winter period of higher acidity. Rhodo¬ 
dendron ponticum has a leaf of high acidity with short winter and 
summer periods of lesser acidity in the upper epidermis. Veronica 
hybrid has a leaf with a clear winter period (Nov.—Mar.) of general 
higher acidity. Viburnum tinus leaf shows a spring (Mar.—May 
period of increased acidity in the phloem and also short autumn 
and spring periods of decreased acidity in the mesophyll. 

The winter period (Nov.—Mar.) is thus a period of higher 
acidity in leaves and the changes to lower acidity occur at various 
times from April to October. The chief exception to this general 
rule occurs in the very acid upper epidermis of Rhododendron 
leaf which is less acid in November—^December. 

Comparing this with what haj)pens in the stems investigah^tl 
w(^ find that there the only tissue internal to the sub-e])i<lermis 
which shows a lesser acidity in winter is the j)ith of Liguslrmn 
stem; and wo find that for stems the ephlermis {JSlcnecio, Aucuha), 
and sometimes the sub-epidermis {Lamium), and the hairs 
{Oerastium, Cheiranthus shade, Viburnum) are the tissues which, 
like the Rhododendron leaf upper epidermis, are less acid in 
winter. 

The occasional absence of critical differentiation between 
one tissue and another in these R.I.M. investigations of stems 
and leaves has already been noted (p. 59). The use of indicator 
solutions containing more than 10 % alcohol may have resulted 
in a mixing of saps from the killed cells, but the considerable 

12*^ 
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Table 


Sv/mmary of 


Plant 

Tissues 

Sopt. 

Oct. 

Nov. 

Dee. 

Dianthna 

Most 




•1(1) 


Mesophyll 




■1(1) 

Saxifraga 

B. Sheath 






L. Epid. & G. evils 





TAmnanthes 

Leaflet Bases 






Most 



■h 



Epidermis 






Petioles 






Most 






Epidermis 

+ 


+ 

H- 


Cortex 






Ground Tissue 





Primula 

Fibres 






Phloem 

— 

+ (ML) 

+ 

-1- 


Most 





Aucxila 

Most 



-1 


Ligxtstnm 

Most 






Except »S. Piiren 


-h 

1- 

-1 

Rhododendron 

Most 






Upper Epid. 



“ (U) 



Phloem & Fibres 





Veronica 

Most 


__ 

-|- 

1 

Vihimum 

Phloem 






Palis. Paron. 


-(1) 



■^T _ j 

Spongy Paren. 

-(2) 



- (U) 


Notes: + = more acid; — = less acid. (1) (2) oiu>, two loiivos only. 


differentiation obtained in Primula, Viburnum leaf, and others 
indicates that this factor was not important with all materials: 
a conclusion which is supported by Inuold’s work on Pelargonium 
(p. 66). Further the chief cases of uniformity occurred in organs 
which were, like Pelaxgonium stem, of the “acid typo”. The 
possible mixing of saps is, therefore, to be regarded as a factor 
of possible importance in detailed differentiation, such as that 
of guard cells and lower epidermis, but as of minor importance 
when general seasonal variations are being considered. 
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XXI 



(U) (M) (Ij) apUyil, husal part of l(*af. 


CJonHidering the different scaHoiial changes found in the', 
various tissues, the lack of agrooment between th(\se results and 
the autumn period of decreased pH found by Abbott in the juice 
of apple and peach tips is not surprising. It is also possible that 
tissue investigations of the apple and peach material might 
confirm Abbott’s data for the mixed juices. 

With all the possible variables it is easy to theorise; there 
may ])e fluctuations in 1. an acid-producing metabolism, or 2. an 
acid-using metabolism, or 3. a buffer-producing or buffer-using 
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metabolism. As a speculation it might be suggested that the 
winter decreases of acidity in external cells take place in cells 
with an acid-producing metabolism which is governed by tempera¬ 
ture and/or light conditions; while the summer periods of lesser 
acidity for inner tissues take place in cells where the increased 
efficiency of metabolism results in the utilisation of acuds 
and/or an increase of the buffer index of the sap in the region of 
the natural pH. 



CHAPTER XII 


THE SUNFLOWER. (HELIANTHUS ANNULS) 
TISSUE REACTIONS AND BUFFER SYSTEM 

As one example of a particular species investigated, from the 
present point of view, in some detail we take the Sunflower 
{Helianthus annuus). This investigation was carried out, as part 
of our survey, by Miss S. H. Maktin who published the results 
in three papers contributed during the years 1926—1927 to 
Protoplasma Vols. I and III. 

1. THE TISSUE REACTIONS OF SUNFLOWER 

These are given below as reported upon by Miss Martik 
with some small emendations and eliminations. 

METHODS OF RESEARCH 

Sunflower {HcliantJnis annuus) was studied in detail at all stages (as 
far as possible) in the life history of the plant from thti seed to the mature 
flowering plant. The reactions throughout were obtained by noting the 
behaviour of the various tissues, towards certain indicators, as shown by 
sections. 

The ,,rang(^ indic^ator method^ as described by Prob'ssor Small 
(192b) was used. The sections were washed in neutral water befor(‘ being 
})lace(l in indicator solution. In most cases the staining was allowed to 
proceed overnight but, lest this should make a difference, sections in stain 
for a short time (usually about one hour) were compared with those ](‘ft 
overnight. The latter sections were more deeply stained but gave (exactly 
the same quality of colour, provided suitable precautions were taken to 
prevent any access of acid or alkali to the indicator solutions while staining 
was proceeding. 

Neutral water was obtained by mixing the required amount of tap 
water whi(‘h gave an alkaline reaction i. e. pH )> 7-0 with distilled water 
which was acid in reaction i, e. pH < 7*0, 



184 


CHAPTER XII 


The indicator used for this purpose was P. R. Plienol HuIj)li()tiphthal(Mn 
which indicates, i. e. gives marked colour changes, botwecii pH yellow 
and pH 8 red. 

As the point of neutrality is that of least colour in the solution, by 
adding tap water to the more ac-id clistilled water till the solution of indi¬ 
cator and water becomes practically (colourless the lurntral point, pH 7 
— not appreciably more or less, is obUiinod. 

After staining, the sections were again washed in neutral wat.(»r and 
examined in daylight with the low power of the microscope. 

With few exceptions all the rcimtions of the tissues (?anu^ within i-hc! 
useful range of five indicators. These were BPB, BAN, MR, DER and 
BCP. 

Where these indicators did not cover the range, as in the <^ase of hoiik^ 
of the epidermal hairs and the callus on the sieve platcis in th(» phhxun, 
other suitable indicators were used. 

Alcoholic solutions of the dyes as prepared by the British Drug House 
were used. 

Fruits were soaked in neutral water and their reactions studi(‘d. 
Some seeds were germinated on blotting paper while others were gcTininatcMl 
in soil- Some difficulty arose in obtaining suitable stages of seedlings. At 
first these were compared at different ages but as the plants gn^w so slowly 
and the rate of growth was so irregular, due to weather conditions &<*., 
it was found necessary to take stages of development as (?onveni(‘nfi 
points from which results could bo recorded and the differ<‘nt parts of 
young growing plants could be compared. For example ])lant.s with oiu' 
pair of leaves were compared with those having two pairs, and so on to 
maturity. 

At all stages sections were examined at various kwcls HU(<h as stem 
close to soil level, stem high up (i. c, (?1ohc to the ap(«) and at. int<‘nn(‘(liat(‘ 
levels, petiole of leaf near the stem, close to lamina, leaf at tij) and at l)as<‘ 
and so on with all parts of the phint. At least three plants at (‘acli stag(‘ 
were examined, and in every case a control unstained s(X‘tion, was com part'd 
with the stained one so as to avoid any confusion of natural eoloiirntion, 
such as that due to chlorophyll etc., with indicator (‘fft'et. 

In cotyledons and leaves it was sometimes difficult t-o oiwt'rvt' i.ht^ 
reaction of the cell-contents owing to the dense green colour of iiu' eldoro- 
plasts. 

An attempt was mad(^ to study the reae.tions of the guard of tlit' 
stomata, but as these cells had rather dense (iontc'iits and also eontaiiH'd 
chloroplasts all records of such reactions must bo doubtful. So far as could 
be observed the acidity of those guard cells did not differ from that of t-he 
neighbouring epidermal cells. 

The R. I. M. has the advantage of facility in working, and by the us(i 
of several indicators with overlapping pH ranges gives accurate results 
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with a better view of the reactions of the separate tissues than any deter¬ 
minations of the hydrion concentration of expressed sap. 

An objection to the washing of tissues in water might be raised as this 
might dilute the cell sap thus altering its reaction; but it has been found 
that expressed sap may be diluted to twice its volume without any marked 
change in reaction, and further the reaction of the cell contents is in most 
cases determined in unbroken cells, therefore the effect of such washing 
will be negligible. 

Injury effects are possible but so far no method has been devised by 
which the actual acidity of plant cells in the living plant may be measured. 
This acidity of the normal plant may vary considerably from that of the 
plant injured by cutting, but control of the injury factor is as yet impossible 
(see p. 266). 

Purple stemmed seedlings were compared with the ordinary green 
stemmed variety used throughout this work but no differences were detected. 
The purple colour of the epidermal cell contents obscured the reaction of 
these. 


RESULTS 

In the Tables given below the symbols for the pH ranges, as 
oxj)laine(l on j). 49, are used, (bmmonly occurring ranges are 
5*9—r)-() = b, 5-6 = c, 5-6—4-8 = d, 5-2^-8 = o, 5-2—4*4 = f, 
4-4—4*0 == h, 4*0 = i, < 3*4 = k. Symbols in brackets indicate 
ranges which were seldom observed and which are not considered 
to be the normal reactions. 


Tissue Reactions of Helianfhus annvus 
by S. H. Martin 

Tabl(‘ ] (StH^d) 


Seed 

Plumule 

Mesophyll of 
Cotyledons 

Epidermis 

Sub.-Epid. 

Vascular 

Strands 

& 

6 

Oi 

H 

Plerome 

Procamb. 

Strands 

Inner 

Periblem > 

Outer 2—3 
Layers 
Periblem 

g 

O 

Sh 

p 

(lotyledons 




Root 



1. Ungerm. . . . 

e 

i'l 

h 

h 

h 

h 

h 

c 

h 

e 

h 

h 

2. (ilerm. in soil . 

e 

c 

h 

h 

h 

h 

h 

e 

h 

c 

h 

h 

3. CJerm. on B. P. 

e 

e 

h 

h 

h 

h 

h 

e 

h 

c 

h 

h 









186 


CHAPTER XU 


Table II (Cotyledons) 




B 

0 

D 



n 




Seed 
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I'tpol. 



1^9 









m 


Epidermis . . . 

h 

h 

h 

h 

h(k) 

h 

h 

h 

Sub-Epidennis . 

he 

h 

ob 

0 

hb 

0 

0 

0 

Palisade .... 

0 

0 

eb 
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ob 
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0 

Spongy Mesophyll 

e 

0 

cb 

0 

ob 

0 

0 

0 


unlig 

'n, 







Xylem .... 

e 

e 

h 

h 

h 

h 

h 

h 

Phloem .... 

6 

0 

0 

0 

0 

e 

0 
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Table III (Petiole of Cotyledon) 


Stages 
as before 

A 

B 

C 

D 

E 

F 

(} 

H 

U. Epidermis. 


_ 

h 

h 

h 

h 

h 

h 

Sub-Epidermis 

— 

— 

h 

h 

h 

h 

h 

h 

Cortex . . . 

— 


e 

b 

ob 

ob 

b 

b 

Phloem . . . 

— 

— 

e 

0 

eb 

0 

0 

0 

Xylem . . . 


— 

h 

h 

h 

h 

h 

h 

L. Epidermis j 

— 

— 

h 

ho 

ho 

0 

ho 

0 


Table IV (Stem-upper) 
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he 

eb 

e 
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e 
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b 
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b 

e 

e 

ba 
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b 

be 

be 

b 
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bo 

be 
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bo 
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e 
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b 
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ba 

be 
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0 
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0 
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ba 
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h 

h 

h 

h 

h 
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h 
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b 
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b 

0 

ba 

b 
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Table V (Stem—^middle) 


Stages 

1 

w 

Epidermal 

Hairs 

Sub-Epidermis | 

Outer Cortex | 

(coUeucliyma) 

Inner dorter: 1 


1 

1 

II 

i 

s 

1 

I 

1^ 

t 
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h 
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h 

be 
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b 

b 


e 

e 

h 

b 
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e 

e 
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€ 
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b 
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e 

be 

\ 

) 

b 

b 

— 

e 

e 

h 

b 
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h 
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he 

be 

1 

> 

b 

b 

h 

e 

e 
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b 
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e 
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ea 
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a 
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a 

h 

ba 

ba 
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b 
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b 
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hk 

be 

be 

h 

b 
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h 
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h 

b 
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b 

b 

k 

b 

b 

h 

b 
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Table VI (Stem—^just above soil) 
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be 
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b 
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Table VII (Stem—just below soil) 
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M 

IV3«1 „ ... 

k 

— 

— 

h 

0 

h 

0 

h 


0 

h 

f 

V4«i „ ... 

hk 

— 

— 

h 

e 

h 

ho 

h 

(\ 

0 

h 

c 

VI6«>. 

hk 

— 

— 

h 

e 

h 

h 

h 

0 

Vi 

h 

c 

viie»ii „ ... 

k 

— 

— 

h 

eb 

b 

0 

h 

0 

0 

h 


Vm Flmg. Indoor 

hk 

— 

— 

e 

0(b) 

ho 

he 

hk 

0(b) 

0 

hk 

M 

IX Flmg. Outdoor 

hk 


— 

ek 

0 

h 

h 

k 

0 

0 

hk 

Vi 


Sieve plates 6*2—6’D or 0*2 ca. 


Table VIII (Root—upper level of 2n(ly root-H) 


Stages 

Piliferous | 

j Layer ' 

Exodermis 

Cortex 

Endodermis 

1 

Pericyclic 

Fibres 

Phloem 

1 

(3 

Xylem 

Xylem 

Fibres 

43 

-t-* 

s 

I Cots. Expd. . . 

h 

h 

c 

hko 

h 

_ 

c(b) 

, 

h 

. 

<1 

II Fol. 

hk 

ho 

0 

hk 

hk 

— 

0 

0 

h 


0 

III2“d. 

hk 

he 

0 

hk(e) 

hk 

— 

(‘ 

(‘ 

h 

1) 

0 

IV3rf. 

hk 

h 

e 

h 

ho 

h 

V. 

t‘ 

h 

h 


V4«*. 

k 

h 

e. 

h 

ho 

h 

0 

0. 

h 

h 


VI6‘1». 

k 

h 

c 

hk 

h 

h 

0 

0 

h 

h 


VII 6th. 

k 

h 

e 

h 

0 

h 

0 


h 

h 


VIII Flmg. Lidoor . 

hke^ 

c 

0 

h 

ho 

k 

ol) 

oh 

h 

hk 

0 

IX Flmg. Outdoor . 

hke^ 

hk 

0* 

h 

h 

k 

0 

0 

h 

k 

c 


1) Inner wall e* 

2) Few cells s= k. 
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Table IX (Root—^middle high up) 


Stages 

ii 

Ph 

1 

s 

Endodermis 

Pericycle || 

Pericydic 1 

Fibres | 

1 

Cambium | 

Xylem || 

Xylem Fibres | 

1 

I Cot^. Expd. . 

h 

h 

e 

he(k) 

e 

_ 

e 

e 

h 

— 

e 

II Fol. . . . 

h(k) 

he 

e 

he{k) 

e(k) 

—• 

e(b) 

e 

h 

— 

e 

Ill 2n<l. 

hk 

he 

e 

he(k) 

e(k) 

— 

e 

e 

h 

— 

e(b) 

IV 3nl. 

k 

h 

e 

ll 

he 

— 

e 

e 

h 

— 

e 

V 4th. 

k 

h 

e 

h 

he 

— 

e 

6 

h 


e 

VI r)th. 

k 

h 

e 

k 

h 

— 

e 

e 

h 


e 

VH 6th. 

k 

h 

b 

h 

e 

— 

e 

e 

h 

— 

b 

VIII Pima. Indoor. 

h 

e 

e 

h 

he 

— 

eb 

e 

h 

— 

e 

IX Pimp. Outdoor 

1 — 

e 

ek 

h 

h 

— 

e 

e 

h 

— 

e 


Sieve platew 6*2—5*9 or 6*2 ea. 


Table X (Root—near tip) 



CO 

.S3 



C) 

.2 

§ 



1 



i S' 

1 

s 

a 

73 

>* 

J 

B 

E 


Stag(*s 

Oi 

M 

w 

1 

o 

1 

f 

Ps 

•gE 

Ph 

s 

B 

ei 

O 


B 

s 









. 



1 (.Jots. Kxpd, . 

ll 

Ik* 

t* 

h 

he 


<* 

e 

h 

-- 


11 l«t Pol. . . . 

k 

t* 

e 

h 

(* 


e 


h 


— 

Ill 2'»1. 

hk 

e 

e 

h 

lie 

— 

e 

e 

h 

— 

— 

IV . 

k 

he 

0 

h 

0 

— 

e 

e 

h 

— 

— 

V 4th. 

k 

0 

e 

h 

he 

—• 

e 

0 

h 

— 

— 

VI .Ith. 

k 

e 

0 

h 

h 

— 

e 

e 

h 

— 

— 

VI1 6th. 

k 

b 

b 

h 

e 

— 

e 

e 

h 

— 

— 

VI11 Plriip. Indoor . 

h 

be 

be 

h 

e 

— 

e 

e 

h 


— 

l.\ P’lrnp. Outdoor 

k 

be 

e 

h 

h 

— 

e 

e 

h 

-- 

-- 
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Table XI (Loaf) 


Stages . 

Upper 

epidermis • 

Palisade 
parenchyma ’ 

if 

Phloem 

1 

M 

_ 

j Lower 

1 epidermis 

Hairs 

epidermal 








and 

I Cots. Expd. . 

h 

6 

0 

e 

h 

h 

0(l() 0) 

ms* Pol. . . . 

h 

e 

6 

0 

h 

h 

0(10-9) 

ra 2»d. 

h 

cb 

b 

0 

h 

h 

0(10-9) 

TV3"i. 

h 

eb 

eb 

0 

h 

e 

0(10 -9) 

V 4*‘‘ „ ... 

h(e) 

e 

e 

G 

h 

h 

o(I0-«.9) 

VI 6«» „ ... 

e 

e 

e 

e 

h 

e 

0(10-9) 

VTieth „ ... 

h 

c 

a 

a 

h 

a 

o(10- 9) 

Vin Plrgn. Indoor. 

h 

b 

b 

b 

h 

b 

o(I0- 9) 

IX Plmg. Outdoor 

h 

b 

b 

b 

h 

b 

0(10—9) 


Sieve plates 6‘2—6‘9 or 6'2 ca. . 



Sieve plates 6'2—6*9 or 6-2 oa. 
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Table XIII (Flower heads.) At all stages examined 


Gynoecium 



Androecium 

Ovary Wall 




Pericarp . . . . 

e 



VBS. in Pericarp . 

h 



Ovule. 

e 



Style (Young) . . 

e 

e 

Stamens (Young) 

„ (Mature). . 

h or k 

b 

Anthers (Mature) 

Meristem 

V 



at Top of Ovary. . 

h-k 

e 

Filaments 




Pollen-Grains 


Corolla 


Beceptacular Scales 


Epidermis. 

hk 

VBS. Xylem. 

h 

Inner Tissue. . . . 

e 

Phloem. 

e 



Ground Tissue. 

ek 

Top of Receptacle . . 

. . e and k (patches) 


Base „ 

>» • • 

, . ee 



Involucral Bracts 


Epidermis (Upper).h 

Palisade parenchyma.he 

Spongy „ .e 

Xylem.h 

J*hloem.e 

Kpid(‘rmis (Lower). he 

Hairs. eb 


DISCUSSION OF RESULTS 

The results tabulated above show how by means of suitable 
indicators it is possible to map out the distribution of relatively 
acid. and relatively alkaline tissues in sections of the various 
regions of any plant. For example, we find in a transverse section 
of sunflower stem that the contents of the epidermal cells, the 
walls of the pericyclic fibres, and the walls of the xylem vessels 
and fibres are more acid than the other tissues of the stcmi. 
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TISSUES 

Epidermis and epidermal hairs. If scctionw of iingonninaiod 
seeds are taken it is found that the epidermis is relatively atdcl from 
the first. The dermatogen of the radicle gives the reaction i)H 
4 . 4 — 4 - 0 . The epidermis of the cotyledon agrees with this; and this 
acid epidermis persists right up througli the various seedling 
stages to the mature jdant where it is found in stem and Ic^af 
and even in the corolla of the young flower. 

In a few cases, especially in the hypocotyl Ixdow soil of the 
mature plant the epidermis has an acidity as liigh as |)H ;j*4. 

In some cases whore this abnormally high acidity of th(^ epidermis 
occurs we find some cells of the cortex which appcuir to injurixl 
and which also show the very acid reaction of the uninjunxl 
epidermis. 

The epidermal hairs do not correspond in acidity with the 
cells of the epidermis itself but show interesting difforejux'S, all 
the hairs being more alkaline and some being the most* alkaline^ 
part of the plant. The hairs on loaf and stem vary from pH 
4‘8—5-2 to a pH > 9 being alkaline to B. P. B., B. T. B., It. 
N. R., 0. R. and T, B., and acid to Pheuolphthalein. The type 
of hair one cell thick from the base upwards was mor<^ aci<l, (Ixung 
at pH 4-8—5'2) than the hair with the nuilticellular base whi(ih 
gave a deep blue colour with T.B.and was colourless with Phenolpli- 
thalein, indicating a pH > 9 and < 10 . The multicellular ha.s(‘ of 
the hair was less alkaline than the tip in some cases. Th(‘s(‘ more 
alkaline epidermal hairs were the only cells which sliowcxl a 
reaction on the alkaline side of neutrality. 

Piliferous layer. The piliferous layer and the root liairs vv(u*e 
acid at all stages. The reaction given by this laycu* was pH 
4*4—4*0 sometimes pH < 3*4, and as in the case of the cspidcu’inis 
of the hypocotyl underground the higher acidity i. 0 . pH < 3*4 

may have been due to injury of the colls. 

Exodermis, In young seedlings before the first foliage l(xiv('s 
were expanded the exodermis was more acid than the cort.(‘x 
and corresponded in acidity with the piliferous layer, i. c. pH 
4 * 4 — 4 - 0 . In older seedlings the reaction of the exodermis was the 
same as that of the cortex i. e. pH 5*2—4*8. Where crushed cells 
or cells injured in some way were found in the exodermis these 
gave the higher reaction i. e. pH 4*4—4*0, and sometimes pH < 3 * 4 . 
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Cortex. The records of results given for the outer cortex in 
the stem regions are rather conflicting. In some cases the outer 
cortex gives an acidity as high as or almost as high as that of the 
epidermis; in other oases this is not so and the pH of the outer 
cortical cells corresponds to the pH value of the inner cortex. 
This confusion may be due to the rather dense contents of the 
collenchymatous cells and possibly also to the reaction of the 
walls. The reaction of the walls of ordinary thin walled paren¬ 
chymatous cells was not studied as cellulose seems to take up the 
indicators used so very slightly that no positive results could be 
recorded. In the case of collenchyma also the colours were very 
faint but the reaction of the walls seemed to be as follows; — Blue 
with B. P. B., Pink (pale red) with B. A. N., Pink with M. R., 
Pink with D, E. R and Yellow with B. C. P. indicating a pH of 
4*4—4-0, but the staining was so very slight that records must 
remain doubtful. 

The inner cortical cells of the stem vary from pH 5*9—5*6 
to pH 5*9 ca. the reaction with few exceptions being the former. 
In a very few cases the inner cortical cells were as acid as pH 
5*2—4*8. 

In the regions of the stem close to soil level above ground 
and just below soil level the variations found in each are such 
as would be expected, because the portions just below ground 
from which sections were taken may not have been equally 
,earthed’ and the CO 2 consequently may not have accumulated 
to the same extent, and the regions just below soil level in some 
eases may have been under comlitions similar to those ])arts just 
above soil level, so that the oeeurreiH^e of the same reactions in 
1h(‘ (‘ortical ])areii(*hyma of each, in some cases at least, may b(‘ 
due to th(* t‘ff(K*t of the aecumulaticm of the (’Oo round these parts. 

The usual reaction given by the hypocotyl a short disianct* 
above soil level was ])H 5*9—r)*() with pH 5*2—4*8 as the except ion 
while just below soil the reaction ])H 5*2—4*8 occurred most 
frequently and pH 5*9—5*6 was the exception. 

The cortical cells of the root and of the hypocotyl below* soil 
are on the whole slightly more acid than those of aerial parts of 
the j)lant. This difference is due, no doubt, to tlie penetration 
into the cells of soil CO 2 or to the non-escape of the C'Og c)f res])i- 
ration, or both factors may operate (cj). C^ERuaiiCLLi 1920 and 
Maonbss 1920). 

Protoplasma-Monographien II: Small 


13 
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In this respect it is interesting to compare seedlings brought on 
entirely in the dark in a closed cupboard and young sunflower 
plants kept in the dark for a week or so only, with normal i. e. 
non-etiolated seedlings. 

The parenchymatous cells of the former wore slightly more 
acid than those of the latter, thus agreeing more nearly with the 
corresponding tissues in roots and underground parts. 

It was some time before the differences were detected as thin 
sections of each gave practically no colouration with M. II. and 
it was only on taking quite thick sections that a pink colour 
was seen in the cortex and pith of the hypocotyl of etiolated 
seedlings (a pink colour denotes an acid reaction towards M. R.). 

The reaction given by the cortical cells in the roots and 
underground hypocotyl regions was pH 6*2—4-8 with a pH of 
5-9—6*6 in one plant only. 

Endodermis. In some roots and sometimes in the hypocotyl 
underground an acidity as high as pH < 3*4 was found but usually 
the endodermis gave the reaction pH 4*4—4*0, sometimes as low 
as pH 5*2—4*8 which was the usual figure for the cortex and pith 
in subterranean parts. 

This difference in acidity of a tissue below ground as com])arod 
with that of the same tissue found in aerial parts of the ])lant was 
most marked in the case of the endodermis and the ])itli, but 
occurred also in other tissues (see Tables VI—VII). 

The endodermis of the aerial parts of the plant, in all cas(‘s 
examined, showed no difference in acidity from that <jf tlu^ 
neighbouring cortical cells, and varied from pH 5*9—5*6 to ])H 
5*9 ca. and was seldom at pH 5*2—4*8. Where the cortical cells 
were at pH 6*2—4*8 the endodermis also gave this reaction. 

Pericycle. As in the case of the endodermis the acidity of 
the parenchymatous cells of the pericycle in underground parts 
was sometimes as high as pH < 3*4, but more often the reaction 
was pH 5*2—4*8 thus corresponding in acidity with the parenchy¬ 
matous cells of the cortex and pith in underground regions. 

pH 4*4—4*0 was also found in a number of cases in the root, 
and hypocotyl below soil. 

Above ground the reaction of the pericycle was the same as that 
of the cortex and pith i.e. pH5*9—5-Gorin some cases pH 5*9 ea. 
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The walls of the pericyolic fibres varied from pH 4*4—4*0 
to an acidity as great as or more than pH 3-4, this being the limit 
on the acid side of the range of indicators in use. 

If sections of the stem of mature sunflower are taken at 
different levels from the stem apex it will be seen that the region 
of the pericyolic fibres as yet unlignified is less acid (being blue 
with B. P. B.) than the corresponding region a short distance 
down the stem where the pericyclic fibres now slightly lignified 
show a green colour with B. P. B. Still further down where ligni- 
f ication is complete a yellow colour is produced with this indicator 
showing that the fully lignified pericyclic fibre is one of the most, 
if not the most, acid element of the mature Sunflower stem. 

Phloem. In most cases in all parts of the plant the phloem 
elements were found to be at pH 5*2—4*8 possibly slightly more 
alkaline in a few cases. 

The phloem is sometimes much more alkaline than the xylem 
having occasionally an acidity as low as pH 5*9 ca. and, where 
callus is developed, the sieve plate gives a reaction as low as 
pH > 6*2 being alkaline to B. C. P. i. e. giving a blue colour with 
this indicator. With B. T. B., however, no trace of blue was 
observed so that the callus is acid to B. T. B. The hydrion con¬ 
centration therefore lies between pH 6*2—5*9, or possibly pH 6*2 ca. 

The contents of the sieve-tubes, companion cells and phloem 
parenchyma gave the same reaction, i. e. pH 5*2—4*8 usually. 

In mature sunflower grown out of doors the phloem sometimes 
gives a reaction as low as pH 5*9 ca. Where callus was developed, 
using the indicator B. C. P. the sieve i)lates showed uj) very 
clearly as deep blu<‘ ])lates against the decided yellow of the 
sieve-tube contents. As in the case of lignifhtation, though in th(‘ 
opposite direction, tlie chemical nature of callus may be ros})on- 
sible for the morc^ alkaline reaction. A])art from the callus, in 
sunflower the phloem is usually slightly more acid than tlie cells 
of the cortex and pith. No differences were traced between the 
acidity of the phloem in parts above and below soil level though 
other regions of the stem e. g. cortex, pith, endodermis and 
pericycle were more acid below ground than above. 

Cambium. Actively dividing fascicular and interfascicular 
(*ainbial cells gave the ordinary reaction of the neighbouring 

13* 
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cortical cells though the staining was rather more intoiiHe owing 
to the denser contents of the cells. Here the nuclei were deeply 
stained but the colour was of the same kind. 

In the mature sunflower phellogcn was found in tlic outer 
cortex of the stem. The reactions given by these cells showed 
that the outer cells cut off by the phellogen cells were more alkaline 
than the inner cells i. o. the phellogen colls; the reactions given 
by these were pH 5’2—4*8 for the outer cells as c()ni])are(l with 
pH 4*4—4*0 for the inner cells. With B. A. N. tlieso outer cells 
were a clear orange (pink with M. R.), while shrivelk'd up dc^ad 
cells on the outside were quite purple red. 

It would have been interesting to study corky tissue in fully 
suberised cells or during the process of suberisation in sunflow(‘r, 
but these were not available. 

Elder cork was examined. Hero the cambium was at pH 
5*2—4*8 while the suberised tissue gave a reaction of ])H ( 3*4. 
According to Pearsall and Priestley (1923) this higlior acidity 
is due to the liberation of fatty acids during suberisation. 

Xylem. The xylem elements vary from pH 4*4—4*0 to an 
acidity as great as or more than pH 3*4. This relatively higli 
acidity is especially marked in the xylem fibres; the voss(‘ls do 
not seem to be so acid but vary from blue to green with B. P. II, 
reddish orange to red with B. A. N., rod with M. R. and I). E. R. 
and yellow with B.C.P. giving a pH of 4*4—4*0 as compared 
with the pH < 3*4 of fully lignified fibres. As in the (!as(‘ of th(‘ 
pericyclic fibres, by studying the reactions of the xylem elenu'iits 
at different distances from the stem apex the change in I’eac^i ion 
during lignification may be observed. 

This relatively high acidity of the mature xylem fibre, and 
of the mature pericyclic fibre, is due no doubt to the cluunicail 
change which takes place during the process of lignifi(?aiion, the 
impregnation with lignin of the original collulosic walls causing 
these walls to give a more acid reaction. 

Medullary rays. The parenchymatous cells of the Tiu'dallary 
rays were at pH 4*4—4*0 sometimes and occasionally as r(‘lal<iv''elv 
alkaline as pH5*2—4*8 in underground parts, wlierc t.li(w (^orr<^- 
sponded in acidity with the pith and cortex, and ])H 5*9—r)*() 
in aerial parts. In undergrouml parts of the mature sunflower 
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especially in the region of the phloem the medullary rays were 
decidedly more acid being as high as pH < 3’4. In these cases 
browning of the tissues was observed; the parenchymatous cells 
of the cortex also gave a very high relative acidity and showed 
browning on being exposed to air. 

Pith- The central pith cells gave the same reactions as the 
cortical parenchyma, the usual reaction being pH 5*9—5*6 for 
aerial parts and pH 5*2—4*8 for subterranean parts. 

The parenchymatous cells adjoining the xylem sometimes 
were more acid and gave a pH of 4*4—4*0. 

COTYLEDONS AND FOLIAGE LEAVES 

No differences in the reactions of leaves from various levels 
on the plant were detected. 

It was found very difficult to study the actual pH of the 
assimilating tissue owing to the dense green colouration of the 
mesophyll but the conclusion arrived at was that in most cases 
the mesophyll gave the reaction pH 5*2—4*8 and that it was 
sometimes more alkaline i. e. pH 6*9—5*0. 

(tUSTAfson (1924) found that the younger leaves of another 
sunflower (H- multiflorus) were more acid than the lower leaves. 

The parenchymatous cells of the mid-rib of the leaf and also 
the xylem and phloem gave reactions similar to those of the 
corresponding tissues in the stem. 

The tissues of the ])etioles of the cotyledons and leaves also 
agreed in acidity with the reactions of the same tissues of tht^ stem. 

FLOWER BUDS AND PRIMORDIA 

It was interesting to find Unit even the very young developing 
flower buds arising as little protuberanees on the top of the 
receptacle were much more^ alkaline than the more acid (udis of 
the rcce])tacle, being a dec]) blue with B. P. B. and yellow wit h 
B. A. N. indicating pH ) 4*8 as compared with ])H < 3*4 for the* 
more acid cells of the recciJtacle. The upper region of the rcee])taolc‘. 
with B. P. B. gave bright patches of yellow cells. The very acid 
patches were ])robably crushed cells where the contents w(u*e 
ex[)oscd to oxidation ])y an oxidase present in the cells. 

The bracts of the flowers were sometimes yellow, sometijiu's 
blue and sometimes patchy yellow and blue with B. P. B. In 
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older flower buds the meristematic region at tho junction of the 
ovary with the other parts of the flower was also acid. Tho 
corolla when' developing showed an acid epidermis but in tho 
older flower buds reactions were masked by natural coloxir. Pollen 
grains showed the same acidity, i. e. pH 6*2—4-8, as tho young 
developing flower buds. The styles as far as could be made out 
were more acid giving a deep red with B. A. N. indicating pH 

4- 4—4-0 or possibly < 3*4 for the mature style. This reaction 
again was obscured by natural colouration the mature style being 
deep yellow with some yellow and some purple papillae. 

The ovary and the ovule at all stages gave tho same reaction 
as all the parts of the young developing flower buds i. o. i)H 

5- 2—4*8. In the mature flower the conducting strands in the wall 
of tho ovary showed a pH of 4*4—4*0. 

As developing flower buds respire more actively than any 
other part of the plant it may be that some at least of tho relatively 
high acidity is due to the CO 2 accumulated in tho unoponod buds 
but if this is the case one wonders why the basal region of the 
buds still remains relatively alkaline while arising from a recep¬ 
tacle which is so much more acid. 

Flower buds at all stages (as far as possible) were taken, and 
even in the very youngest where primordia wore just beginning 
to develop this phenomenon was found. It seems more likely 
that oxidation of the tissues is tho jmmary cause of the results 
observed especially as older ojjened heads and fully developed 
flower heads gave the same results and browning of these parts 
was actually observed. 

Compositae are included in a list of Oxidase Families given 
by Onslow (1923) and marked darkening of exposed saj) of 
Helianthus multiflorus on exposure to air is mentioned by Atkins 
in Becent Researches (1916). 

Increased acidity and 'pigmentation due to oxidation of tissues 

That a greater acidity duo to the oxidation of tissues does 
occur has been recorded by McClendon and Khaup (1919). These 
workers record a change in expressed sap of carrots from pH 
5*85 to pH 6*73 on standing for twenty minutes in air. Haas (1920) 
observed a change of reaction from pH ()-]2 to pH ill tho 
juice of clover plants left overnight. 
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Browning of tissues was observed'in roots and in the under¬ 
ground hypocotyl region of the mature sunflower and in sunHoiver 
head. 

In these regions we should expect to find accumulation of 
certain metabolic products, i. e. sugars, which according to 
Onslow are capable of taking part in the reactions involved in 
pigment formation. Overton (1899) was the first to observe 
that excess sugar might cause the formation of pigments. Ho 
experimented with a number of plants, feeding them with sugar, 
and found that in many species of Monocotyledons and Dicoty¬ 
ledons, both water and land plants, sugar feeding will bring 
about anthocyanin formation. The question of the results of 
sugar feeding has been taken up by other writers, including 
Onslow who assumes that the chromogen is formed from sugars 
in the leaf and that increase in amount of sugar leads to increaseil 
formation of chromogen with the resultant production of antho¬ 
cyanin unless the chromogen be removed. The chromogen flavonc 
may be removed under certain circumstances by combination 
with sugar to form a glucoside and water, this reaction involving 
the substitution of sugar molecules for hydroxyl groups of the 
flavone. 

The general reactions given by Onslow (1916) are: 

1. Glucoside + water chromogen + sugar. 

2. X (chromogen) -f oxygen—> anthocyanin. 

A glucosidase, i. e. a glucoside—hydrolysing enzyme or 
enzymes, probably catalyses the first reaction and an oxidising 
enzyme controls the second. 

This second reaction may be initiated or accelerated by a 
relatively acid medium, such as that observed, or both reactions 
may be affected. On hydrolysis of th(‘ flavones, present as glueo- 
sides, with dilute acids the sugar is split off and the colour for¬ 
mation by oxidation may then take place, so it is ])robable that 
the acid medium may accelerate the rate of pigmentation by 
liberating the chromogen; or the process may be initiated by the 
slight rise of acidity due to oxidation on exposure of injured 
tissues to air, and this process once started may lead to the for¬ 
mation of coloured oxidation products of high relative acidity. 

That the addition of acids and alkalis does alter the activity 
of enzymes is well known. Certain experimenters including 
Eulee (1920) have determined the optimum pH for a number 
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of enzymes and Euler’s data show that this optimum varies 
with the substrate, or it may be that different ouzyines arc in- 
volved, e. g. the optimum values for biityraso range from pH 4 
to pH 8, quite a considerable variation due to the substance 
acted upon or to the different types of butyrase. An even greater 
range is given by MoClendon (1917) for j)roteaHo, which has its 
optima from pH 1 to pH 9*7 according to the substratum (see 
Chapter XVI). 

Atkins, in his Recent Researches in Plant Physiology (1910) 
points out that five different classes of oxidases are descrilxHl as 
occurring, according to the substances on which these act. The 
optimum pH for each may vary but these do not seem to have 
been determined. 

It is not at all probable that the alcoholasos, found in certain 
bacteria which convert ethyl alcohol into acetic acid, should give 
the same optimum pH as the oxidase in potato extract (191(5) 
which according to Reed is at or about pH 7, i. o. neutrality, 
so that we should not expect the oxidase in sunflower to show 
greatest activity at or near neutrality. 

Acid medullary rays in underground regions of the stem and 
in the root may bo explained by the same hypothesis as the 
reaction of the more acid cells in the top of the rccei)tacle. Th(‘. 
medullary rays serve for transference of rcsorves to and from 
the xylem and jihloem and also play the r61e of storage tissue. 

Here sugars in the presence of oxidases may lead to iiuiroasod 
acidity by oxidation, and to increased pigmentation, i. c. tlio 
brownish colour observed in the relatively acid medium, 

SEEDS AND SEEDLINGS 

As germination proceeded no changes in the reactions of the 
tissues of the embryo were observed. 

The root cap and tip, the dermatogen of the radic^le, the 
outer layers of the periblem and the procambial strands, the 
epidermis and the sub-epidermis of the e.otyhxlons w(mv v<*ry 
acid, giving a reaction as high as pH 4-4—4-(). Th<^ rtmiainder 
of the embryo had an acidity of j)K 5*2—4*8, so that the embryo 
as a whole was decidedly acid. 

The embryos of seeds germinated in soil and on blotting 
paper showed no differences in reaction and the tissues of the 
germinated embryo were as acid as those of the ungerminated 
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embryo; but in the seedling stage before the first foliage leaves 
were expanded a change in reaction from pH 5-2—4*8 to pH 
5*9—5*6 in the cortex, endodermis, pericycle and pith above 
ground was observed. The other tissues remained relatively acid. 
The phloem when differentiated gave a pH of 5*2—4*8 which 
was the reaction found, with few exceptions on the more alkaline 
side (i. e. pH 5*9—5*6 and pH 6*9 oa.) at all stages and in all 
parts of the plant. 

This reaction of pH 5*9—5*6 was found in the cortex, endo¬ 
dermis, pericycle and pith above soil of seedlings at all stages 
examined. 

Rose (1919) records that as germination begins the reaction 
of the embryo changes from alkaline to acid but that the endo¬ 
sperm remains alkaline, in the case of Sambucus. 

In the sunflower embryo the root cap and tip are relatively 
acid and they show this high acidity throughout the early seedling 
stages. At later stages the tips of the roots were not examined 
because of the difficulty in obtaining sections of these. 

In older seedlings rootlets were observed jjassing out through 
the cortex. These had very acid root caps, which were yellow 
with B. P. B. indicating a reaction of pH < 3*4; the remainder 
of the rootlet as seen in longitudinal section was deep blue with 
B. P. B. and had a pH of 5*2—4*8. This suggests that the enzyme 
secreted by the cap as it forces its way through the cortex is in 
an acid medium. 

The acidity, of cotyledons still enclosed in the fruit coat were 
compared with those expanded and free but no difference in reac¬ 
tion was observed. This may have been due to the reaedion being 
masked by natural colouration. 

In the very young cotyledon, l)efore the chlorophyll was fully 
d(‘A'eloped, the meso|)hyll gave the reaction j)H 5*2—4*S which 
was the figure recorded in most cases for the mesophyll in the 
mature cotyledon and in leaves at all stages examined, excjcpt 
the mature (pH 5*9—5*6). 

GENERAL DISCUSSION OE RP]ACTTONS FOUND 
IN SUNFLOWER 

The reactions given by sunflower are interesting if we compare 
N 

the fact that a HGl solution is at pH 2, and this is con- 
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siderecl a very weak acid solution. Also, according to Atkins, 
a solution of CO 2 in water nearly saturated at 25® C (and normal 
pressure ?) is at pH 4-8. It has been shown that oven a dilute 
solution of ethyl alcohol has an effect on the output of CO^ by 
living tissues. Irwin and Weinstein (1922) working with radish 
seedlings found that this alcohol decreased the production of COg, 
but at the same time organic acids were produced and it is suggested 
that the effect of the alcohol was an acceleration of the decom¬ 
position of certain substances with the formation of an excess 
of intermediate products in the form of acids. 

In a recent paper (1924) E. Philip Smith describes the effects 
of chloroform, ether and ethyl alcohol on wheat, rice and oats. 
The first effect was a decrease in the rate of respiration followed 
by an increase to a maximum and a final depression. Ray (1923) 
obtained different results with Ulva^ probably due to the differences 
in the oxidisable material available in the tissues. Smith also 
points out the possibility that the ethyl alcohol may have an effect 
on the permeability of the plasma membrane to carbon-dioxide 
so that the total result may be due to the effect of the alcohol (i) 
acting as an anaesthetic on respiration proper, and (ii) on the 
permeability of the cell to carbon-dioxide. 

It is possible that the actual reactions within the colls of 
sunflower may be altered by the alcoholic solutions of the indicator 
salts but such changes, if they do take place, ap})ear to bo so small 
that they do not affect the range of the reaction as determined 
by the method used here. 

Aqueous solutions of the alkali salts of B. P. B., M. R. and 
B. C. P. were made up according to the directions given by Clark 
and the results shown by these were compared with those obtained 
by the use of the dilute alcoholic solutions. 

No appreciable differences were detected. The aqueous 
solutions gave slightly less intense colouration but this does not 
affect the result when the ‘Range-Indicator Method’ is uH(‘d. 

Comparing young and old sunflower seedlings we find that 
old plants are slightly more alkaline than younger ])lants but 
variations are found at all stages and it is not sur])rising that 
such variations do occur. One expects slight fluctuations in 
relative acidity and alkalinity of such plants owing to the 
numerous factors which may operate, e. g. soil conditions may 
vary slightly giving different reactions but those are not likely to 
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interfere here, as all seedlings were grown in soil from the same 
source. 

Conditions of light, heat and moisture were more probable 
as disturbing factors, as it is possible for plants studied on a cold 
dull day to give slightly different results from those given after 
being exposed to heat and strong sunlight in a warm greenhouse. 

Sunflowers grown out of doors did not seem to be different 
from those grown indoors but as the summer was wet and cold 
the conditions would approximate to those in winter in a slightly 
heated greenhouse, so that striking differences could hardly be 
expected. 

SUMMARY 

The actual acidity of sunflower {Helianthus annuus) was 
determined by means of suitable indicators. Sections of the 
plants at various stages and of different regions of each plant 
were compared. 

The epidermis was relatively acid throughout, being at pH 
4*4—4*0, except where the cells appeared to be injured, and hero 
a more acid reaction i. e. pH < 3*4 was obtained. 

Some of the epidermal hairs w'cre more alkaline than any 
other part of the plant and gave an alkalinity of pH > 9 < 10. 

The piliferous layer and root hairs were acid and were usually 
at pH 4*4—4*0. 

The exodermis was more acid (pH 4*4—4*0) in the early 
seedling stages than in older seedlings and mature plants where 
the reaction pH 5*2—4*8 was found. 

The cortex and pith in aerial parts usually gave the reaction 
])H 5*9—5*(), and were sometimes at i)H 5*0 c*a. especially in 
mature plants. In subterranean j)arts the cortex and pith were 
slightly more acid and gave a i)H 5*2—4*S usually, but sometimes 
pH 5*9—5*0 was found. 

The endodermis was more acid in underground regions than 
above ground. The usual reaction for the endodermis above soil 
was pH 5*9—5*6 sometimes pH 5*9 ca. while below soil the normal 
reaction was pH 4*4—4*0, sometimes pH 6*2—4*8 and occasionally 
as high as pH < 3*4. 

The pericycle uncierground in most cases was more alkaline* 
than the endodermis and gave a pH of 5*2—4*8 while in some 
other eases pH < 3*4 and pH 4*4—4*0 were recorded. Above soil 
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the pH of the thin walled poricyelc was 5*9—5*0 Homotiinert 
6*9 ca., and corrertpondod in acidity with the cellrt of the cortex 
and pith. 

The walls of the mature ijoricyclic fibroH and the mature 
xylem fibres were among the most acid tisHues of tlie ])lani. 
During the process of lignification a ehaiigo of reaction from 
pH 5*2—4*8 to 4*4—4*0 and finally to pH < 3*4 was observed. 
The walls of mature xylem vessels were acid throughout being 
at pH 4*4-4*0. 

The phloem was more alkaline than the xylem. The rea<5tion 
found most frequently, irrespective of the region of the plant 
examined, was pH 6*2—4*8. In mature sunflower a pH of 5*9 ca. 
was sometimes found. 

The separate reactions given by the phloem and xylem Heeim^d 
to be identical in all regions of the plant. The callus found on 
the sieve plates in the autumn was more alkaline than the contents 
of the sieve tubes and gave a reaction of pH 6*2 ca. 

Cambial cells did not differ in acidity from that of the neigh¬ 
bouring cortical cells. Phellogen cells in the outer cortex of the 
stem gave interesting results. The outer cell cut off by the j)hellogen 
was more alkaline than the inner cell, the former had a pH of 
6*2—4*8 while the latter was at pH 4*4—4*0. 

Tissues which showed browning on cx|)Orturo to air wctc 
relatively acid and gave a reaction of pH < 3*4. This browning 
was observed in the medullary rays underground, CHpocially in 
the phloem region, and in some cells at the toj) of the ree.e])ta(*.l<' 
of the flower head. 

The mesophyll in cotyledons and leaves ajipoared to be at 
pH 6*2—4*8 usually, and sometimes appeared to be at pH 6*9—5*(). 

Young developing flower-buds gave a reaction of pH 5*2—4*8. 
The mature style became more acid reaching pH 4*4—4*0 (posHibl y 
pH < 3*4), while the anthers matured to pH 5*9—5*0. 1N)1 I(mi 
grains had an acidity of pH 5*2—4*8. The ovary and ovuh* at 
all stages were at pH 6*2—4*8, and the corolla when developing 
had an acid epidermis (pH 4*4—4*0). 

The reactions of the embryo ungerminated and during g(u*- 
mination were studied. The root cap and root tip, the dermatogon 
and the j)rocambial strands were more acid than the remaining 
tissues of the embryo. The reaction given by these was pH 4*4—4*0 
while the other tissues of the embryo were at pH 5*2—4*8. No 
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change of reaction during germination was observed. As the 
plant matures the parenchymatous tissues and the phloem become 
slightly more alkaline. 

No distinct gradient of reaction for the different regions of 
sunflower was observed, except the difference in various tissues 
above and below ground. 

With the exception of the more alkaline epidermal hairs all 
the reactions found were on the acid side of neutrality. 

3. THE BUFFER SYSTEM 

Although there are other buffer systems, as well as the 
phosphate system described below for the sunflower, they would 
appear to act only in tissues or cells which are below pH 5*2 in 
reaction. The epidermis and other acid tissues have not been 
examined separately, and the investigations by Miss Martin 
may be taken as applying only to the cortex and pith from which, 
as reported, the bulk of the expressed sap was obtained. The 
Buffer Index of sunflower sap is considered in Chapter XIX^) 
and Miss Martin’s reports are therefore given below almost 
verbatim, as they appeared in „Protoplasma‘‘, Vols. T and TIT. 

(a) The Buffer of Sunflower Hypocoiyl 

Certain experimental changes obtained in the hydrion 
concentration of the tissues of the sunflower hypocotyl (Small 
1926), the disturbance which resulted from alkali-yielding bottles 
(Small 1026), and also the large natural variations which have 
been found amongst cells of the same tissue (Martin 1927, Rea, 
Small 1926) all seemed to indicate the absence of strong buffers 
in some j)lant cells, and th<‘ investigation described below was 
carried out at the suggestion of Professor J. Small, as an exa¬ 
mination of one particular case in some detail. The writer desires 
here to exjjress her thanks to IVofessor Small, and also to IVo- 
fesBor T. H. Milroy and his staff for their interest and assistance 
throughout the research. 

INTRODUCTION 

Recent researches have shown how very sensitive the various 
chemical and physical ])roceHses taking place in plant and animal 
organisms are to changes in hydrogen ion concentration. 

1) See also figure 20, (liapter XfV. 
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In living organisms there is present a system, sometimes 
a complex of interacting systems, which acts as an efficient 
mechanism for moderating the changes in hydrogen ion con¬ 
centration so that no serious disturbance of the delicate action 
of the life processes may take place. 

There are several base-carrying systems which are known 
to regulate the hydrion concentration of blood and other animal 
fluids, and of these the bicarbonates and the phosphates seem 
to be the most important. The buffer reactions of the bicarbo¬ 
nates with CO 2 and those of the acid and alkaline phosphates 
have been worked out in some detail for blood and other physio¬ 
logical fluids, chiefly by Henderson (1906 — to date). In a 
more recent paper (Andrews etc. 1924) the complex inter¬ 
actions of inorganic phosphates (precipitable and hydrolysablo) 
with lactic acid and the colloidal protein systems are elucidated. 

It is now generally recognised that the determining factor 
in many plant processes is the concentration of hydrogen ions 
or of hydroxyl ions present in the sap, and this concentration 
is regulated by the amounts present of certain substances, e. g. 
mixtures of weak acids and their salts, which owing to the way 
in which they dissociate in solution are capable of absorbing, 
in some cases, quite considerable quantities of acids or bases, 
thus buffering the reactions of the cell sap. 

In plants our knowledge of buffer action is due chiefly to 
Hempel (1917), who investigated the expressed juice of succu¬ 
lents and concluded that in most cases malic acid and its salts 
interacted in such a way as to maintain the reaction of the juice 
within a pH range which could not injure the protoplasm. 

Certain plants, in particular succulents, are highly buffered 
while others, e. g. Zea mais, are buffered only to a slight degree; 
and there is also the possibility that some plants are not buffered 
at all, at least not to any appreciable extent. In plant cells where 
the reaction of the sap is markedly acid organic acids and their 
salts are known to regulate the reactions, but uj) to the present 
no investigation of plant cells with less acid saj) has been carried 
out (see Chapters IX and XIX). 

The following research was undertaken to determine to 
what extent the expressed sap of sunflower (Helianthua armuus) 
was buffered and to what substances the buffer action, if any, 
was due. 
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Experijnents with carbon-dioxide (Rea 1926) indicated that 
the carbonate-bicarbonate interaction was not the effective agent 
in maintaining the normal reaction of sunflower sap. 

It has been pointed out as a remarkable fact that “CO 2 
the universal product of oxidation is the most efficient regulator 
of neutrality in living organisms*’ (Henderson 1913), but this 
conclusion was arrived at after consideration of animal organisms 
not of vegetable organisms. The Carbon Dioxide Balance 
has been shown to have important effects on ordinary plant 
tissues. 

In succulents the formation of acids is due to incomplete 
respiration. The interaction of these organic acids and their salts 
produces marked buffer effects. 

A non-succulent, such as sunflower, presents quite a different 
arrangement of tissues and the metabolism also differs, so that 
we should not expect organic acids to play an important r61e 
in the reactions of the cell sap of this plant. Under normal con¬ 
ditions the carbon dioxide of respiration of sunflower is used up 
in carbohydrate formation. 

In the epidermis of sunflower, where photosynthesis is absent, 
COg may accumulate and the formation of organic acids may 
account for the more acid reaction (pH4-4—4*0) found; or the 
carbon dioxide of respiration, when slowly diffusing from the 
epidermal cells, may precipitate any phosphates present in so¬ 
lution, so that in the absence of any organic acids this sap will 
be unbuffered and consequently will become more acid in the 
presence of COg. 

As the reaction of the expressed saj) of sunflower hy])ocotyl 
is on the alkaline side of the iso-electric points of most ])lant 
]m)teins, any ])roteins present would act as acids and lilxTate 
base, but the j)roperticK of proteins as amphoteric elec^trolytes 
depend on their concentration not on their activity, as they dis¬ 
sociate only very slightly and do not readily form salts witli weak 
acids or bases. 

The concentration of proteins in the expressed saj) was 
extremely low, so that the part played by such a system would 
be negligible, even if the proteins could carry base so far on tlio 
acid side of neutrality. 

Attention was directed to the ])liospliate system as it was 
considered that inorganic j)hosphates, if present in dilute (^on- 
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centration, might be the substances buffering tlie sap of sun- 
flower hypocotyl. 

In all experiments with expressed sap there is the ])ossi. 
bility that chemical changes may have taken place during the 
process of extraction. The reaction of expressed sap is that of 
a mixture of a number of cell saps where various reactions may 
1)6 characteristic of each group of cells; and in addition there 
is the possibility or even the probability of different reactions 
within the same individual cell. Adsorption ])lienomena with 
the resulting phase boundaries make this condition (extremely 
probable. In these experiments the bulk of the sap was dtu'ived 
from the cortex and the pith of the hypocotyl. 


INORGANIC PHOSPHATE ANALYSES 

The phosphate content was determined immediately after 
removal of the protein, to avoid complications due to l)actorial 
or fungal action as plant extracts do not keep for any Icuigth 
of time. 

The inorganic phosphate content was determined by Embdkn’s 
gravimetric method (Embdbit 1921), i. e. by preci])itation with 
a mixture of ammonium-molybdate-nitrio acid solution aiui a 
concentrated solution of strychnine nitrate, (see Ap])endix I). 

In the first few experiments the sap was weighed but in lat<T 
experiments this was not considered necessary as 2 cc. sa]) w(ugh(‘d 
approximately 2 grams; also in these preliminary experinuuds 
the mixture of sap and protein precipitant was boiled before^ 
being filtered, but this proceeding was considered inadvisabh* 
as boiling in acid solution hydrolyses the proteins and so miglit 
liberate phosphorus from the phosphoproteins. At first varying 
quantities of sap (from 6 cc. to 1 cc.) were taken for the H. 1 PO 4 
analysis but it was found that 2 cc. was a conveni(*ni (iiianiity 
to work with. 

First Series 
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Second Series 

H 3 PO 4 from unboiled extract. 

0*53 grams per litre 

0*501 ,, ,, ,, 

0-46 „ „ „ 

0*54 ,, y, ,, 

0*57 ,, ,, ff 

0.56 „ „ „ 

0*601 „ ,, ,, 

0*531 „ ,, ,, 

All these results were taken from seedlings of approximately 
the same ago and grown under the same conditions. 

The results from the boiled extract are slightly higher than 
those from the unboiled extract. 

The fact that the amounts of phosphoric acid obtained from 
the boiled extracts did not differ greatly from those of the unboiled 
extracts is probably due to the absence of proteins in any quantity 
in the cell sap. 

Taking the results of the unboiled extracts we see that the 
inorganic phosphate content in the expressed sap of sunflower 
hypocotyl varied between 0*005 molar and 0*006 molar phos¬ 
phoric acid. 

All later experiments were carried out in the cold i. o. at 
room temperature. 

Another lot of older, less juicy seedlings contained a little 
more xdiosphatc per litre, owing possibly to their lower water 
content. These had inorganic j)hos})liate coneentrations eorre- 
spondiiig to from 0*006 molar to 0*007 molar jdiosphorie acid. 
Th(‘ phoHpJiat(i (‘ontents of these were as follows: — 

H.jP ()4 in grams ])er litre 
0*04 
0*07 
0*68 
0*65 
0*66 

REACTION AND BUFFER VALUES OF EXPRESSED SAP 

The buffer effects of several samples of expressed saj) were 
tlien determined and these results showed that the buffer value 

Frotoplasma-Monographien II; Small 14 
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of sunflower sap, in terms of molar H 5 PO 4 , corresponded closely 
to that of the actual concentration of inorganic phosphates present 
in solution in the cell sap. 

Some samples of sap were diluted with an equal quantity 
of neutral water, while other samples were tested for buffer values 
without previous dilution. The buffer values of the undiluted 
sap in terms of molar phosphoric acid were as follows: — 

H 3 PO 4 
00069 M. 

‘ 0 0068 „ 

0 0069 „ 

0‘006« „ 

0-0066 „ 

0-0066 „ 

The buffer values of the diluted sa}) were »ih follows: — 

HsP04 

0-0064 M. 

0-004 „ 

0-007 „ 

0-0005 „ 

0-0066 „ 

0-0066 „ 

As these results correspond closely we conclude that, di¬ 
lution with an equal quantity of neutral water did not alt.((r tlu' 
buffer value of the sap. 

Determinations of the reactions of sap and of phosphate 
solutions were made by matching the colour, before and aft.(‘r 
each addition of acid or alkali, -with that of standard solutions 
of known pH made up from B.D.H. universal buffer solution. 

For this purpose the liquid was introduced into small t in¬ 
tometer bottles with two flat sides, as it is considered that, t his 
method gives more accurate results than judging t,h<- colours in 
test tubes. 


EXPERIMENTAL 

EXTRACTION AND DEPROTEINISATION OF HAl* 

The sap of sunflower hypocotyl was expressed by crushing 
the tissues in a small press. This expressed saj) was filtered and 
centrifuged. 
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The centrifuged sap contained some colouring matter so 
that care was necessary in determining the actual reaction. 

Any proteins present in the expressed sap were removed 
by a 10 per cent solution or a 3 per cent solution of trichloracetic 
acid. In some cases the proteins were precipitated with sodium 
tungstate (Na 2 W 04 • 2 H 2 O) 10 per cent solution and H 2 SO 4 in 
normal solution. 

Normal H 2 SO 4 was used in preference to n H 2 SO 4 owing 
to the fact that excess acid prevented precipitation, as calcium 
phosphate, of any calcium present, which would have lowered 
the apparent phosphate content. 

The filtrate obtained by this method was always turbid and 
required refiltering. 

This is the method, given by Milroy (1921) for the preparation 
of protein free blood filtrates, slightly modified to suit the sub¬ 
stance being deproteinised. 

Trichloracetic acid gave a clear filtrate which gave more 
reliable results than the sodium tungstate and H 2 SO 4 filtrate 
which in some cases contained traces of proteins or their hydro¬ 
lytic products. 


SPECIMEN DETAILS OF SAP SAMPLE NO. 4. (BELOW) 

A series of experiments were carried out in which the buffer 
value of the sap was determined first, then another part of the 
same sample was analysed for inorganic phosphates. 


One experiment is given in detail below. 

Expt. 1. (I) Reaction determinations: The reaction of the 

expn^sscd sap at room temperature was ])H 5*(). At this reaction 
tlie ratio of KgH ^(>4 to KHjjP ()4 corrcs])onds to ])er mol ])hosplioric 

acud iu millimols. 

9u3*() 


2 cc. of this sap were taken and ()'5 cc. NaOH 0*005 AT. 
(1 *25 millimols per litre) added and the reaction again determined, 
when the pH was found to be 6*4. 


K HPO 252 

At this reaction the ratio l)ecomes “"j an increase of 

JLV-H. 2 ir 04 /4c> 

215*6 millimols per mol i)hosphoric acid and therefore the 1*25 
millimols base added correspond to 0*0()58 Al. H 3 P() 4 , i. e. a 
0*0058 molar phosphate solution of 5*6 would show a shift 
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From these results it seems quite clear that the buffer effect in 
the sap of the sunflower hypocotyl between pH «')•($ and pH (i-8 
is in fact due to the inorganic pliosphates present at a very low 
concentration. 

Parallel experiments were carried out with undiluted saj) 
and with sap diluted with an equal quantity of neutral water. 
The buffer capacity of equal amounts of sap corresponded in each. 

The results of two such experiments are given below: — 


/. Diluted sap 



NAOH 
(•005 M.) 


^ <0 

O O 

w 3 

Base equivalents 
per litre 

% 

s 

ja 

I 

Buffer value 

Indicator C. P, 







2 cc. diluted juice . 

0 

60 

— 

— 

— 


99 99 • 

0*2cc. 

0-0 

— 


— 

-- 

2 99 99 99 • 

0-4 „ 

(V2 

— 

— 


— 

Indicator B, T, B, 







2 cc. diluted juice , 

0 

50 

— 




^ 99 99 99 • 

0-2 ic. 

— 

— 

— 

- 


99 -> 99 

0-4 „ 

()*2 

—- 

— 



2 99 • 

0-() „ 

(v6 





2 ff }. 

0-8 „ 

7*0 


— 


- - 

2 

99 99 99 • 

1-0 „ 

7-4—7*2 

— 

— 

— 

- 

hidicafor P. R, 







2 CO. diluted juice . 

0 

5-6 

■3()4 

0(>3() 


0 


2 99 9. . 

9 

« 99 99 99 

0-8cc. 

1.0 

70 

7-4 

5 02 
4”(’)S 

7 0 

21 

•753() 

2-0 

2 5 

•OOU.-} M. 

ii.ro. 


This corresponds to a buffer value for undiluted juice of -OOliG M. phos¬ 
phoric acid between pH 5-G and pH 7 ■4. 
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shifted the roiustioii back to the original pH 5'(5, Hhowing that the buffer 
value had nut changed while the experiment waa proceeding. 
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CARBON DIOXIDE EFFECTS ON EXPRESSED SAP AND ON 
PHOSPHATE BUFFER SOLUTIONS 

The effects of different percentages of carbon dioxide on 
sunflower sap and on a dilute solution of KH2PO4 of molar con¬ 
centration approximately equal to that found in exjjressed sap 
were determined. 

The reaction of this 0*007 M. KH2PO4 was pH 5*0. 

In order to test the buffer value of this })hoHphato solution 
within the same range as that in which the exprc^ssod saj) was 
examined, alkali (*006 M. NaOH) was added until tJui reaction 
was pH 6*6. 

To obtain known percentages of carbon dioxide tlu^ small 
inverted burette from a Gaitono’s photosynthometcr (cai)a(uiy 
about 20 cc.) was used. This burette was first filled with mercury 
(which had been previously cleaned by squeezing through (ik’ian 
chamois leather), then inverted and a known amount of mercury 
was displaced by air. Then the required amount of washed carbon 
dioxide was bubbled in from a Kipp aj)paratus, dis])lacing it.s 
own volume of mercury at atmospheric pressure. In this way, 
by varying the amounts of air and carbon dioxide allowed i.o 
displace the mercury, a known percentage of carbon dioxide 
could bo obtained. 

After bubbling in the carbon dioxide the taps were (doscul. 
At one end of the burette a small tube of about 2 oc. ca|)a(uliy, 
containing one drop of indicator solution and the licpiid to be 
experimented with, was attached by rubber tubing and a (dip. 
The clip was then removed and the mercury was allowed to c.omo 
down into the tube, displacing the liquid upwards into an atmo¬ 
sphere of carbon dioxide of known percentage. 

One cubic centimetre of liquid was tested in this way, while 
the remainder was left in the tube and served as a com|)arisoii 
with the liquid acted upon by the carbon dioxide. 

After closing the clip, the liquid was shaken iq) witli tlu^ 
gases in the burette and the acidified liquid was transfcuTC'.d to 
the tintometer bottles, where the colour was matched with that 
of a solution of known pH. In this way the reactions of tlu^ 
expressed sap of sunflower hypocotyl and of a dilute phosphate 
solution in the presence of varying percentages of carbon dioxide 
were determined. 

The results of these experiments are tabulated below: (p. 217). 



Table XIV 

Eeactions of expressed sap of sunflower hypocotj'l, within creasing percentages of CO 
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CHAPTER XII 


In all CO 2 experimenta there mast bo an error due to the 
escape of CO 2 as a gas. To avoid this error as far as may bo it 
is necessary to pour the liquid into the bottle as quickly as possible 
and close the mouth of the bottle with the glass stopper. 

Acidified sap at pH 4*8 was allowed to remain overnight 
in an unstoppered bottle, when the pH was found to Imvo gone 
back to the original i. e. pH 5*6. 

Of course other factors, in addition to the escape of (JOg 
gas, may have come into action. 

The expressed sap of sunflower hypocotyl gav(^ at room 
temperature a reaction value of pH 5*6. 

Awi>* K 2 HPO 4 . *304 

At this reaction the ratio 

JL\.JtjL 2 Jt L /4 9‘uoO 

•75 

At pH 6'8 the ratio is q.*-, so that normally tho. ronciiion 
y *i 5 o 

of the sap is near the unbuffered range, on the acid side, of the 
phosphate system. Below pH 5*2 all tho inorganic phosphate's 
present in solution are converted into KHgPO^. Beyond 
'pH 5*2, therefore, carbon dioxide may exert ita full acidifyhuj 
influence, acting as it would on a completely unbuffered fluid. 

Under normal conditions the reaction of the sap is main¬ 
tained at pH 5-6 by removal of tho carbon dioxide of respiration 
by photosynthesis or by diffusion. 

If the tissues of tho sunflower hypocotyl wore highly biiff<M*<'.(l 
then carbon dioxide could not have produced such effects as t hose*, 
found, but with a sap buffered only with a very dilute solution 
of phosphates then carbon dioxide, if present in sufficient e.oiuuui- 
tration, can produce shifts from the normal reaction and those- 
reaction swings may cause the changes which arc found. 

SUMMARY 

The inorganic phesphato content in different sani])lt's of sa]) 
varies from 0*005 M. to 0*007 M. jihosphoric acid and the l)uff(*r 
values of this sap, in terms of molar phosphoric acid, corresjxinded 
very closely to the actual phosphate concentrations. 

The normal reactions of the sap of sunflower hypocotyl 
are, therefore, only slightly buffered and this small amount of 
buffer action is due to a correspondingly dilute concentration 
of inorganic phosphate present in the sap. 
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Heating the sap over-night at a temperature of 30° C did 
not increase the inorganic phosphate content. 

In an atmosphere of OO 2 of concentrations ranging from 
5 per cent upwards the normal reaction pH 6*6 of the sap was 
changed to reactions of higher acidity. Below 5 per cent the 
CO 2 did not affect the hydrogen ion concentration within a pH 
range of 0 * 2 , while above 6 per cent a progressive series of reactions 
of decreasing pH values was obtained with increasing concen¬ 
trations of carbon dioxide. 

6 per cent carbon dioxide shifted the reaction from pH 5‘6 
to pH 5*4. 

90 per cent carbon dioxide shifted the reaction of the sap 
from pH 5*6 to pH 4*0—3*8. 

No determinations were made with 100 per cent carbon 
dioxide. 

The more acid epidermis (pH 4*4—4*0) of sunflower presents 
interesting possibilities, and the nature of the physical and che¬ 
mical processes to which this higher acidity is due has not boon 
elucidated. 


Addevdum 

(One ExpcTiment only. Further work required) 

A large quantity of sap was left overnight at a temperature 
of 30° 0. A brown i^recipitato settled out leaving a clear extract 
above. This extract was filtered, then its reaction and buffer 
value were determined at room temperature. The reaction of 
tliis extract was pH 5*2 and the buffer value l)ctween j)H 5*2 
and pH (>*4 eorresj)onded to that of a 0*012 molar phosphoric 
acid solution. 

• The inorganic phosphate content of this extract was not 
determined. K KPO 

At pH 5*2 the ratio of ^ 0*0068 M. H 3 PO 4 solution 

*000034 KH 2 PO 4 

The total base content of this phosphate system is 

•006766 L r 

6*834 millimols. 

•om 71 

At pH 6*4 the ratio in 0*0068 molar H 3 PO 4 is - . 

*0050864 

The total base content is 8*5136 millimols, giving an increase 
of 1*6796 millimols. 
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The addition of 1-6796 millimolH of baw'. to a 0-0068 molar 
phosphoric acid solution at pH 5-2 would change the reaction to 
pH 6-4. 

The clear extract required 2*5 milliniolH base to swing it-s 
reaction from pH 6*2 to pH 6*4, so that acid groups other than ibv. 
0-0068 molar H 3 PO 4 must have been j)roHcnt in sufficient (quantity 
to absorb approximately 8 mlllimolK base. 

The clear extract may have contained phosphattw cjorn^- 
sponding to more than 0*0068 M. H 3 p() 4 , (this being the actual 
phosphate content of another samjde of the sanie juice whic.h 
was heated and in which the clear extract and prec.ipitaU^ 
shaken up and analysed together), if all the inorganic ph(>Hphai.eH 
present remained in solution in the clear portion of tlu^ sap. 

The source of this higher acidity might be duo to hydrolytic 
products of proteins or other organic substanceH proHcuit. in t in*, sa.}). 

Bacterial and fungal action may also have playcMl a |)a.rt.. 

Further investigations of the offocts of heating the sap an' 
necessary. 

(b) The Buffers of Sunflower Stem and Root 
INTRODUCTION 

The actual acidities of the tissues of KSunflower sU'in and. 
root arc recorded above. Wo will only briefly nrfer i.o tln'S(’> lu're. 

In those tissues individual variations do occur, hut tliesc^ an^ 
of a highly restricted nature, 0 , g. the reaction of tlie parenchyma¬ 
tous tissues varies between the ranges pH 5-2—4*8 aiul pH 
5*9 ca.; pH 6*9—5*6 being the reaction range found most frecpu'iit-ly. 

These slight variations may be due to one or more of tlu*. 
numerous factors which are known to affect the relative acidii.\- 
of plant tissues. Soil conditions, light, heat, etc., may he respon¬ 
sible, or the variations may be due to internal factors ilu’! action 
of which is still uncertain. 

Apart from these alight natural variations, exaniinat.iou of 
the observations referred to above reveals a remarkable c.ou- 
staiicy in the pH values maintained througho\it the life-history 
of the plant, and that not only in the individual, for on comparing 
a number of plants of the same species wo find the same 1>H 
values occurring agaiii and again. Having studied one of any 
species of plant, we may, with a very fair degree of accuracy, 
state the oharaoteristio pH of each tissue of any number of that 
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species (Chapter X) provided, of course, that external conditions 
do not vary to such an extent as to upset the normal life-processes 
within these jdants (Small 1920). The reaction values have also 
been shown to be remarkably constant in some plant tissues 
throughout the year (Chapter XI). 

Consideration of recent work on plant and animal tissues 
leaves no doubt that this constancy is, to some extent at least, 
due to buffer action within the cells. 

The importance of buffer action in the life of organisms has 
l)een dealt with in some detail by several workers and has been 
emphasised especially in the case of the body fluids of animals. 
In the plant kingdom succulent plants, where the degree of buffer 
action is high, have been made the chief subject of study (Hem- 
pel 1917). 

Owing, perhaps, to the small quantities of the substances 
responsible for the comparatively slight amount of buffer action 
found in some non-succulent plants, very few of these have been 
studied in any detail, and only in a few cases has the buffering 
of the juice been traced to some substance or substances within 
the sap (see. Chapter XTX). 

Tn order to understand how, under ordinary circumstances, 
the relative acidity of any plant cell does not shift far from its 
normal reaction, it is necossaiy to determine what the buffering 
substances are, the concentrations of these present, and the range 
in which these may be effective. 

Mixtures of the acid and the alkaline salts of phosphoric acid 
buffer between pH 5*2 to ])H S approximately, while other sul)- 
stances are effective at higher and lower pH. values. 

It has l)een shown above that in the case of the hypocotyl 
of Sunflower seedlings a small concentration of inorganic ])hos- 
])hates was present in sufficient quantity to account for the buffiT 
value of the expressed sap as determined by titration with alkali, 
between pH 5*6—6*8. 

Titration was carried out within arbitrary limits which did 
not vary far beyond the range of hydrion concentration found 
within the tissues of the plant. 

In the present investigation stems and roots of mature Sun¬ 
flower plants were examined, by the same methods as were used 
in the study of the buffer processes in the expressed juice of the 
hypocotyl of the seedling. 
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EXPERIMENTAL 

Stems of mature Sunflower (Helianthus annuns) wore out 
off slightly above soil level. The loaves and tfie stem tif> w(^ro 
cut off and the juice of the stem was expressed l>y (pushing i.}ie 
tissues in a small press. 

In a few cases this expressed juice was centrifuged, but., as 
centrifuging with a small hand centrifuge was rathc^r a slow 
process, in all the later experiments the sap was filtered tlirough 
a Buohnbr funnel lined with filter paper and Ciontaining ashest-os 
which had been previously well washed with neutral wat.er and 
sucked dry with a filter pumj). 

This procedure cleared the sap of Hcra])s of tissue and t.he 
filtered sap was practically devoid of colouring matter. 

As this method of clearing the expressed saj) is much (jui<'.ker 
than centrifuging, possible physico-chemical effects siudi as 
oxidation on exposure, etc. are minimised. 

The expressed sap was then utilised immediately for inorganic 
phosphate analysis and determinations of buffer values. 

The roots were out off and well washed under running tap 
water. The finer particles adhering to the roots wore brushed off 
with a camelhair brush. When as free as possible from fonugn 
matter the roots were washed with distilled water, then with 
neutral water, after which they were dried by soaking off ilu* 
moisture with blotting paper. 

This procedure must have left some moisture adluu'ing to 
the roots but this does not seriously affect l.he r(‘siilt.s as tli<‘ 
comparison of the actual phosphate concentration with the dt'grc'c* 
of buffer action is more important than the mere rncasunmuml. of 
phosphate content of undiluted sap. 

The buffer value and the phosphate concontratioii will be 
equally altered by dilution and hence the results will still be 
comparable. 

Since dilution does not change the ratio of acid salt. t.o nor¬ 
mal salt in dilute concentration, the pH value of the sap on dilut ion 
should not shift to any appreciable extent. 

After the roots were cleaned, the tissues wore CTUshed and 
the expressed sap was filtered by the same method as was used 
in the case of the stem tissues. 

In all experiments with expressed sap it is essential to com¬ 
pare the juice of corresponding parts of plants as different parts 
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may differ in acidity, e. g. the parenchymatous cells of the root 
in Sunflower had slightly more acid cell contents than the corre¬ 
sponding tissue in the stem. In these stems and roots no con¬ 
tinuous gradient of reaction was observed. With the exception 
of the underground part of the stem which was avoided in this 
investigation, the upper, middle and lower portions of these 
regions showed the same pH values, so that the sap expressed 
from the stem region or the root region as a whole is not a mixture 
of cell-saps varying in reaction from region to region. By using 
the sai) expressed from stem and root separately we get a fair 
approximation to the true state of the conditions in the sap of 
stem and root as far as the phosphate factor is concerned. 

Sap reactions were determined by matching the colours 
given by suitable indicators with standard solutions of known pH, 
using small flat-sided bottles in all cases. The indicators used 
were Methyl Red, Diethyl Red, Bromo-cresol Purple, Bromo- 
thymol Blue and Phenol Red. 

All experiments were carried out at room tcmj)erature. 
Embdbn’s Phosphate Method as given in Ai)pendix 1 was used 
throughout. 


BUFFER VALUES AND INORGANIC PHOSPHATE ANA¬ 
LYSES OF EXPRESSED SAP OF SUNFLOWER STEM 

Kxpprhneyit I 

The reaction of the saj) was j)H H’S. 

Using undiluted sap the following shifts in reaction on 
addition of 0*005 M NaOH were obtained. 

The l)uffer values are expressed in terms of molar phosphoric 
acid. 

2 e.e. sap were used for each determination. 

The results are tabulated below. 


Original j)H 

c. c*. sap 

c c. NaOH 
added 

pH after ad¬ 
dition of alkali 

Jiiiffer values 

5*8 

2 

0*1 

(>•()—5*8 


5*8 

2 

0*2 

(r2 

— 

6*8 

2 

0*3 

t)*4 

00042 

6*8 

2 

0*5 

(vG 

0-0044 
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The amount of HjPO* present in another 2 c.c. portion of 
this sap was 0‘43148 grammes jwr litre or 0'0044 M, as detormimHl 
by precipitation and gravimetric analysis. 

On looking at the table above we sec that the wldition of 
0‘6 e. 0 . NaOH 0-005 JM, in other words 1-25 millimols to 
the juice at pH 6-8 caused a reaction swing to ))H fi- 6 . 

75 

At pH 5-8 the ratio K 2 HPO 4 : KH 2 P ()4 is ■ expressed in 

millimols per litre. At pH 6*6 the ratio K 2 PH ()4 : KH 2 P ()4 l)e- 
336 

comes -y- so that a molar phosi)hate solution would require tlie 
644 

addition of 281 millimols base i)or litre to shift its roac^tion from 
pH 5-8 to pH 6 * 6 . This shift in sap reaction was caused by 1’25 
millimols base; therefore, the system behaved as a 0-()044 molar 
solution and this was the actual concentration of inor|u;ani(^ [)h()H- 
phate present in the sap, as determined 'by gravimetric? analysis. 
A few other experiments are given below. 


Experiment II 

In this case each c.c. sap was dilutod'to twice its volume? 
with neutral water. 


Original pH 

c. c. tlil. sap 

e. e. NaOH 

pH 

liiiflVr vahir 

5-8 

2 

0-1 

5-2 

O-OOf)! 

5*8 

2 

0*2 

()•()- (;-4 


5-8 

2 

0*3 

(>•6 

0-()0r)3 

5-8 

2 

0-4 

0-8 

o-o()r)0 

5-8 

2 

0*5 

7*0 

0-0048 


To an undiluted 2 c. c. portion of this sa]) thc' addh.ioii of 
0*2 c. c. NaOH 0'005 M gave a shift in reaction to pH 6-2 (‘orre- 
sponding to O'OOSl M H 3 PO 4 i. c. a phosphate solution eoniainiiig 
0*0051 M H 3 PO 4 would change in reaction from i)H 5*8 to pH (>* 2 , 
on addition of 1 millimol base per litre. 

The actual concentration of H 3 PO 4 ])ieseul. was 0*49044 
grammes per litre, which is equal to a 0*0()50 molar solulion. 

Experiment III 

In this experiment the sap was again diluted tf) its 

volume, with neutral water. 
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Original pH 

c. c. dil. sap 

0 . c. NaOH 

pH 

Buffer value 

5*8 

2 

0*1 

6-4—6*2 

_ 

5*8 

2 

0*16 

6*4 

0-0042 

r>*8 

2 

0*5 

7*2 

0*0040 


H 3 P <)4 (lotorTnined l)y gravimetrio analysis = 0*0039 M. 


Experiment IV 

Sap diluted to twice its volume with neutral water. 


Original pH 

e. e. dil. snp 

c. c. NaOH 

pH 

Buffer value 

5*8 

2 

0*1 

()*2 

00051 

5-8 

2 

015 

(>•4 

0-0042 


Average buffer value =0*0040. 

Actual concentration of H 3 PO 4 present was 0*0047 M. 

From the above results we conclude that inorganic phos])hates 
are present in solution in the expressed sap of Sunflower stem, 
in sufficient concentration to account for the buffer action found 
within the sap. 


SUNFLOWER ROOT 

Owing to the cjonsiderable time necessary to obtain sap 
from Sunflower roots only a few c. e. saj) were available f(»r each 
exp(‘i*iinent. 

The rt\sults from throe ex])enments are given below. 
Experiment 1 


Sap dilut(»(l to iwi(ie its volume witli neutral water. 
The reaction of this expressed saj) was pH 5*0. 


Original pH 

(*. (*. dil. sap 

t*. c. NaOH 

pH 

BuffiT valut* 

50 

2 

01 

5 0 

_ 

no 

2 

0-2 

6*0—5-8 

— 

50 

2 

0-3 

()-2 

00070 

5 0 

2 

0-4 

0*4 

0-00(59 


The addition of 0*1 c. c. NaOH brought the reaction of the 
sap from 5*0 to pH 5*(>, and 0*4 c. c. swung the reaction to 
pH 0*4. 


Protoplasma-Monographien H: Small 
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As pH 5*0 is on the acid side outside of the range of the 
phosphate buffer system we consider the reaction swing l)etwoen 
pH 6-6 and pH 6-4. 

, .. K.HPO 4 36-4 

At pH 5-6 the ratio 

. TT « . .u .. KjHPO* 252 

At pH 6-4 the ratio == 

Between these two reaction points 215'() millimoLs base por 
litre are required to give this shift in a molar solution. ()’3 o. 
NaOH were added to 1 c. c. sap (or 2 c. c. dilutod sa])) which 
is equal to 0*15 millimols base per litre. Therefore the buffer 
value of the sap, in terms of molar phoH^)hori<^ a(u(l was 
0*0069 M. 

The concentration of inorganic phosphates present was 
0*0074 M. 

Experiment IJ 

The reaction of 2 c. c. sap on the addition of 0*2 c, c.. NaOH, 
changed from pH 5*6 to pH 6 * 2 . This reaction shift cal(udat(‘d 
in terms of molar phosphoric acid indicates a buff(‘r vahu' of 
0*0037 M. 


The remainder of the sap was dilutod to twice its volume with 
neutral water and titration with alkali gave the following results: 


Original pK 

c. c. sap 

c*. c. NaOH 

pH 

Buffer value 

50 

2 

0*2 

(;-2 

()()():}7 M 

5*0 

2 

0*3 

0*4 

()-<>()34 M 

6*0 

2 

0*4 

0-0 

0-(M):U M 

6*0 

2 

0*5 

6-8--0-0 

— 


The average buffer value from the above table is 0*0034 M. 
The concentration of inorganic phosphates was 0*0033 M whi(*h 
figure corresponds fairly closely to the degree of bufhu* act ion 
present in the sap. 


Experiment III 

The reaction of the expressed sap was pH 5 *(). 

The addition of 0*2 c. c. NaOH 0*005 M brought the actual 
acidity of the sap to pH 6*2 while the addition of 0*4 c. 
NaOH to another 2 c. c. sample of the sap shifted the reaction 
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to between pH 6*6 and pH 6*4 as is shown in the following 
table. 


Original pH 

c. c. sap 

c. c. NaOH 

pH 

Buffer value 

5*6 

2 

0*2 

6*2 

0*0037 

5*6 

2 

0*4 

6*6\ 

0-0031 

— 

— 

— 

6*4/ 

0*0046 

6-6 

2 

0*4 

6*6 

0*0031 


The inorganic phosphate content of a sample of the sap was 
0-0034 M. 

Other determinations of phosphate content and buffer values 
gave similar results showing, that in the root as in the stem, 
the buffering of the sap, between the reaction points determined, 
is due to the small amount of inorganic phosphates dissolved 
therein. 

The amount of inorganic phosphate present in the sap of 
Sunflower stem and root is sufficient to account for the buffer 
values found, within the limits of the reaction of the expressed 
sap to the pH" values mentioned above. 

This does not exclude the possibility that there are substances 
within the plant which may act as buffers at higher or lower 
degrees of acidity or alkalinity. 

Hbmpel (1917) on titrating the juice of succulent plants 
between i)H 6*81 and pH 9*3 (litmus and phenolphthalein transition 
points respectively) found that some substances were present 
which were capable of acting as acids at thesse low concentrations 
of hydrogen ions. These substances do not normally act as acids 
within the plant since the cell-sap reaction of these comparatively 
strongly buffered jdants is maintained at a much lower pFT valu(‘ 
l)y a buffer system (U)nsisting of mixtures of organic at^ids and 
tluur salts. Of th(‘se substances aluminium hydroxide, a typical 
inorganic amj)holyte was chiefly responsible for the buffer action 
between j)H ()*SI and pH 9*3. 

Ft may be. that in Sunflower sap some such amphoteric 
substances e. g. amino-acids and their derivatives which are 
known to have some degree of buffer action at jjH values on the 
alkaline side of neutrality are present; but we are here considering 
the normal conditions within the plant and for this reason titration 
beyond neutrality (pH 7*0) was not carried out. 

If)* 
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CONCLUSION 

Throughout the normal range of reaction for cortex and 
ground tissue, the juice of the stems and roots of mature Sun¬ 
flower plants is buffered, as in the hypocotyl, by a small c^oiu^en- 
tration of inorganic ])hospbates ])resent in solut ion in the e(dl saf). 


These investigations by Miss Martin deinonstratcMl (piite 
clearly that buffer action in at least some non-sueeubmt. plants 
is very small within the natural range of pH as found in tlu^ 
tissues. By accounting completely in an acemrate (|uantit.ative 
manner for the buffer action found by the acitual phosphates 
content as determined experimentally, Miss Martin opcuu^d up 
the field for this type of work in plants, and at t.he saim^ time 
demonstrated how ill-founded had been the previous gcuuTali- 
sations based upon a supposed similarity in th(^ (l(’:gr(M‘. of buffcT 
action for plants and animals. Fortunat(‘ly th(‘ first (‘xami)l(’> 
chosen presented a simple solution but tliat t}u‘r(‘ an* oth(U' 
problems will be made clear in the next cha])ter. 



CHAPTER XIII 


THE BROAD BEAN (VICIA FABA) 
TISSUE REACTIONS AND BUFFER SYSTEMS 

These arc given below almost exactly as reported upon in 
,,Protopl'isma“, Vols. II and III by Rea and Small (1927) as to 
tissues, and by Martin (1927) as to buffer-systems. 

1. THE TISSUE REACTIONS OP VICIA FABA 

Some of our earliest observations clearly demonstrated that 
the sunflower and the broad bean differed considerably in the 
differentiation of their tissues witli regard to liydrion concen¬ 
tration. One of the outstanding features of the sunflower is the 
marked acidity of the epidermis and this character is absent 
from the broad bean. Attention was, therefore, directed to the 
tissues of Vida jaba. These tissues were examined as to their 
hydrion concentration throughout the plant and at vanous 
stages in the life of the plant. The account which follows details 
the results of our observations on this species. 

MATERIAL 

It has long Ixhmi known tluit the sihmI of th(‘ broad br^an 
contains an indicator which changes from greim (acid) to yc'llow 
(alkaliiu') according to tl\e ])H of the medium. Both the gnam 
and white (or brown) varieties were, therefore, examined, ddie 
material of tlie giaam variety was the (h’ceii Harlingtoii Windsor, 
and that of tlie white or brown variety was the Giant Windsor 
Bean (White), both supplied by Messrs. Dickson of Belfast. In 
the Tables of Results given below square brackets [ ] indicate 
the data obtained for the white variety where these differ from 
the corresponding data for the green variety. Where the results 
were the same, as in most cases, a single letter or set of letters 
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ia given without the aquare braoketa. The uao of ordinary braoketa 
indicates, as in previous chapters, that the reaction given in the 
brackets is not considered the normal one for that tissue. 

Seeds were examined after being soaked iii neutral water 
overnight. Seeds were germinated on wet blotting paper and in 
soil, and examined. Plants were grown in pots of soil in an unheatod 
greenhouse with a southern aspect. 


METHOD 

All the tissues of at least two plants of each variety were 
examined at each stage. Three sections of each region wore used 
for each indicator and these were examined according to tlu^ 
R.I.M. Comparable stages of development wore obtained by 
taking plants matured to the extent of expanding one, two, 
three, etc., foliage leaves, the last stage examined being tliat of a 
maturely developed flowering plant. 


A 


B 

c 

D 

Fig. 18. tScclioii across the iiitcgumoiits of the broad bean. 

^ — outer layer, B — middle layer, C — iiuicr layer, D — innermost layer. 

RESULTS 

SEED. (Table I.) In the ungerminatccl soaked seed all ilit'. 
tissues of the embryo, exoopt tho cotylodons (pH 5-fi), and the 
dermatogen of the radicle (pH 4-4—4-0), are at pH rr'Z —4-S. 'I'Ik? 
outer layer of the integuments is pH 4-4 —4-0, tho middle and 
innermost layers are pH 6-2—4*8, and the first iniior layer of 
pH 6'6. There is obviously more differentiation in the soofl coats 
than in the embryo. No difference was obsorvod botwoon tho 
reactions of the seeds of the two varieties when ungorminatod. 
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Table I 


SEED 

PLUMULE 

1 ROOT 

1 

1 

jlNTEGUMENTS 

Epidermis 

Sub-Epidermis 

1 

1 

i 

I 

s 

1 


Root Cap 

Root Tip 

Dermatogen 

Periblem 

1 

PM 


1 

1 

1 

1 

1 

1 

Innermost 

Layer 

Un germinated. 

e 

c 

e 

e 

— 

e 

e 

e 

0 

h 

e 

r 

6 

e 

c 

h 

e 

c 

c 

Germ’d in Soil 

e 

e 

0 

eh 

e 

e 

e 

e 

e 

h 

e 

e 

h 

0 

h 

e 

0 

h[e] 


e 

c 

e 

hi 

e 


e 

e 

e 

h 

e 

e 

h 

c 

h 

0 

c 

h[e] 


Table II 



TERMINATION. (Tables I—III.) The only changes whicli 
occurred in the embryo during the early stages of germination, 
up to the time when the radicle was about 4 cnis. long, were 
increased acidity in the procambial tissues of both plumule and 
radicle, from pH 5'2—4*8 to pH 4*4—4*0. The reaction of the 
cotyledons rose during the later seedling stages to pH 5*9 
(Table III). 
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Table IIT 


SEEDLING 

S’ 

.S o 

e>i 

.LI 

O g g 

2 nd Fok'afO 
Leaf 

Expanded 

1 

I'Sl 

*'^1 
1. S 

4**^ Foliage 
, Leaf 

Expanded 

H 

w 

fith Foliage 
Leaf 

Expanded 

Matnre plant 

Stages 

r 

II 

III 

IV 

V 

VI 

1 VII 

VIII 

COTYLEDON 









T. S, Near Root. . , 

c 

C 

0 

cLc] 

a 

a 

a 

a 

INTEGUMENTS 









Layers — Outer . . . 

h 

hk 

hk 

h 

— 

— 

-- 

- 

Middle . . 

0 

0 

c 

0 

— 

— 


— 

Inner . . . 

c 

oLc] 

C[(l] 

otdl 

— 

— 



Innermost . 

hLe] 

erhl 

h 

h[0] 


— 

— 



INTEGUMENTS. There was an incroaHO of acidity, from 
pH 5*2—4'8 to pH 4*4—4*0, in the innermoBt layer of the inio- 
guments during the early stages of germination (Table 1). Tlio 
only differences observed, when the white variety was compared 
with the green variety, were lesser acidity in the innermost layers 
of the integuments after germination, white 0 instead of gro(ui li. 
The reaction of the integuments was followed up to the period 
of the expansion of the third foliage leaf. The first inner lay<T 
(C7, Fig. 18) tended to become more acid in both varie.ti(^s; tlu^. 
middle layer remained constant (pH 5*2—4*8) throughout; and 
the innermost layer was recorded at all stages as li or vi in bitb 
varieties (Table III). 

SEEDLING. No significant difference was observed in tlu^ 
tissue reactions of beans germinated in soil and those germinated 
on damp blotting paper; nor was any significant differeiKH'- nol<‘d 
in the tissue reactions of tlie green and white varieties in ihv 
later seedling stages, except in the epidcirmis of tiu^ stcun and 
also a repetition of the c for h in the innermost layers of tli(» 
integuments (Table II). Apart from changes apparently (*.oin<u- 
dent with lignification, the only noteworthy change in the lat,er 
seedling stages of the embryo is the decreased acidity (c to a) of 
the cotyledons in both varieties after the expansion of the fourth 
foliage leaf. 
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TISSUES or THE STEM. (Table IV) 

Throughout this investigation considerable variation was 
found in certain tissues from plant and from stage to stage of the 
growth; and it seems that the pH conditions in many of the 
tissues arc not so stable as those in the sunflower (cp. ChapterXII). 

EPIDERMIS. In the seedling stages the epidermis was 
normally pH 5’6 in the green variety, but in the white and occa¬ 
sional plants of the former variety this tissue was more acid, pH 
5*2—4*8. Ill the later stages the epidermis is mainly more acid 
near the tip (e) than lower down (c); the pH 5*6 persisting even 
below the surface of the soil, where the change seen in the sun¬ 
flower (p. 192) does not take place. 

SUB-EPIDERMIS. This tissue is normally similar to the 
epidermis in its reaction, except in the more mature stages of 
the middle region (half-way up) where it tends to be the same 
as the cortex and slightly less acid, a, than the epidermis, c. 

CORTEX. Except in the seedling stage and near the apex 
of tlio mature plant whore pH 6*2—4*8 occurs, the cortex is 
generally towards the less acid side, near the top at pH 5*() and 
cl sc where slightly more so 6*9. 

COLLENCHYMA. Whore it occurs this tissue is normally 
of })H 5*2—4*8. 

ENDODERMhS. Usually the endodormis is also of pH 6*2 
to 4*8, but the observations for the middle region of the stem 
show a series of erratic (*hanges from stage to stage which require 
furtlier investigations. Some of tins indicators do not react with 
(‘crtain stages of this tissue. 

Tliis tissue is similar in reaction to the eiulo- 
dermis, but again in the middle region of th(' stem tlnu’e an‘ uiuw- 
plainod variations. It should also be notetl tJiat in the middh* and 
low('r regions of the stem lignification of tliis tissue sets in and the 
reaction of the wall becomes pH 4*4—4*0. In the mature plant a 
few fibre^s w(n*e found at the base of the stem, which had very 
acid (k) walls. 

PHLOEM. The general reaction here also was pH 5*2—4*8, 
but in the lower part of the stem the sieve-tubes at all stages were 
more acid (pH 4*4—4*0) than the rest of the phloem. 



T. S. Just Below Soil T. S. Half Way Up 
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CHAPTEB XIII 


Table IV 
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OAMBIUM. Although Bomotimes of jjH 6-() in the earlier 
fltagcH, the cambium in the later stages has its reaction in the 
lower range, pH 5*2—4*8, which is common for the tissues lying 
between it and the relatively alkaline cortex and epidermis of 
the mature stem. 

XYLEM. As elsewhere (see Chapter X—XII) the lignified 
walls of the xylem arc at pH 4*4—4-0 from the beginning of 
lignification, but the xylem parenchyma is similar to the cambium 
in its reaction. In the mature plant near the base of the stem a 
few xylem fibres with very acid (k) walls were found. 

PITH. More acid (e or c) in the seedling stage, the pith soon 
reaches a reaction of approximately pH 5*9 and remains in that 
range until maturity, except in the stem below ground where it 
varies to pH 5*6. In the mature plant, especially in the middle 
region of the stem, an outer more acid (lignified) layer can be 
differentiated from the relatively less acid central pith. 

TISSUES OF THE ROOT. (Table V) 

In general, the tissues of the root seem to have a more stable 
hydrion concentration than some of the stem tissues. 

RAOICLE. The tissues here are generally of pH 5*2—4*8, 
but the xylem walls in all stages, the dermatogen in the earliest 
stage of germination, and sometimes also the root-cap show a 
higlier acidity, pH 4*4—4*0 (Tables I and II). 

ROOT. 

PI LI KKROUS LAYER. This tissue is usually of ])H 5*2—4*8, 
l)ut. (Xicasionally j)HL 5*6. In certain stages of the old lateral roots 
a lessor acidity, pH 5*9, was observed. Any differences shown by 
the white as compared with the green variety arc variations 
towards lesser acidity. 

EXODERMJS and CORTEX. At all or practically all stages 
the reaction of the se tissues is similar to that of the piliferous 
layer, pH 5*2—4*8. 

ENDODERMIS. In the main root the endodermis is uni¬ 
formly of pH 5*2—4*8, but some variations occur in the lateral 
roots; both c and a have been observed sporadically as the reac¬ 
tion ranges of the cell-contents in these rootlets. 
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Table V 


ROOT 

i 

j 

s 

tl 

1 

1' 

1 

1 

1 

5 

Stages 


s 

w 

o 

o 

1 

& 

g 



s 

i I 

c 

c 

c 


(*. 

e|oc.| 


h 


1 “ 

0 

0 

(a) 



e 

h 

h 

c|0<'| 

1 111 

<■•(«■) 

o(a^ 

ac[c| 



0. 

h 

h 

aclcl 

. TV 

§ V 

do] 

ofo] 

ddd 



V. 

h 

h 

d<ll 


c 



B 

(* 

h 

h 

a 

OS VI 

— 

— 

— 


B 

o 

h 

h 

(* 

cd VII 

— 

— 

— 

0 

c 


h 

h 

c 

H VIII 

— 

— 

0 

0. 

0. 

(* 

h 

h 

a. 

& II 

0 

c 

c[cal 

0 

e 

e 


h 

a(d 

H III 

c[dj 

c|c.] 

e[c] 

c 

0 


— 

li 

(* 

§ IV 

eLd] 

dej 

eldj 

e 

(\ 

(1 


h 

dd] 

Szh V 

c 

c 

<5 

0 

c 

V 

h 

1) 

H|fl| 

VI 

— 

— 

— 

0 

0 

i‘ 

h 

h 

a. 

VII 
^ VIII 

— 

— 

— 

<1 

e 

0 

h 

h 

a 

— 

— 

C 

o 

0 


h 

i) 

a 

f 8 ii 
III 

0 

a 



■ 



li 

(‘ 

d^ 

a. 





B 

n 

a 

8 IV 

d^ 

0(1* 



H 


B 

n 

od 

V 

V. 

0 



Hi 


B 

D 


3 § 11 

O(c0 

a 

a 

0. 

0 

c{<') 


h 

(•<• 

® « III 

a 

a 

a 

o 


d<ll 

- 

h 

<•[<11 

“ od IV 
^ H V 

e[(lj 

deJ 

d<i| 

e 


d<!| 


h 

••I'lj 

(i 

C 

C 

<5 

e 

(* 


h 

(* 


PERICYCLE. This liHsuo, i^ractically ihroughouts hnM 
common range, pH 5-2—4*8. 

PHLOEM. The Hiove-tubcH ,in all the Iat.(T hIiow 

a relatively high acidity, pH 4*4—4'(). The jdiloein ])ar('.nehyina 
is less acid, pH 5*2—4-8. 

XYLEM. The walls of the vessels throughout are at pH 
4*4—4*0 as usual, but the parenchyma is similar in reaction t(j 
the pericycle or pith. 


1) walls. 
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PITH. Tho central parenchymatous tissue of the root, 
although sometimes rather acid, pH 5*2—4-8 in the very young 
stages, shows a general decrease in acidity to pH 6*6 or pH 5-9 
at all but the early stages. The region near the tip tends to be 
more regularly about pH 5-9, while higher up the main root and 
in the middle region of the lateral roots the reaction varies to 
j)H 5*0 or oven lower to pH 5*2—4'8. Where the white variety 
differs it is usually more acid. 

TISSUES OF THE LEAP. (Table VI) 

UPPER EPIDERMIS. A variation in the same specimen 
from pH 5-0 to pH 4*8 is common but the reaction rarely varies 
beyond that range. An exception occurs in the apex of the apical 
leaflet where, in the mature plant, all the tissues are around pH 5*9. 

LOWER EPIDERMIS. In the immature plants of the green 
variety the lower epidermis is similar to the upper epidermis, 
but in the white variety the reaction reaches pH 5-9 at sporadic 
stages, and also normally in the mature plant of both varieties 
in the apex of tho basal leaflet and in both base and apex of the 
apical leaflet. 

GUARD CELLS. As far as it could be determined, the 
reaction of the guard cells of the stomata did not differ markedly 
from that of the neighbouring epidermal cells. 

(JLANDULAR HAIRS. These occur on the lower surface 
of the lamina and on the petiole. On the lamina the reaction of 
Hucli hairs is usually pH .^-2—4-8, but on the petioles they are 
more acnd, j)H 4-4—4*0. 

V^ASCULAR STRANDS. The xylem was again pH 4*4—4-0 
at all stages. The phloem at tho base of the leaf was more or less 
consistently of pH 5*2—4*8 in both varieties, but the reaction 
varied in the mature stage to pH 5*0 at the base of tlie basal 
leaflet and to pH 5*9 at the apex of the basal leaflet and at both 
base and apex of the apical leaflet. 

CHLORENCHYMA. The palisade and spongy assimilating 
tissues were so similar that they can be considered together. The 
g(‘neral reaction was around pH 5*9, and this was nearly constant 
in Hie lamina of the mature plant. The chlorenchyma of the 
petiole and of the stipules at the mature stage showed slightly 
greater acidity, pH 5*6. The chlorenchyma in the younger stages 
was not so constant in reaction, varying from cell to cell in the 
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same specimen and from stage to stage but keeping within the 
range pH 5-9 to pH 4*8. The reaction at the apex of the lamina 
was more regularly at pH 5-9 than it was at the base of the la¬ 
mina or in the petiole, while the stipular chlorenchyma very 
seldom rose above pH 5*6. 

LEAVES EROM DIFFERENT LEVELS. On account of 
the natural green colour there is considerable difficulty in judging 
the colours given by the indicators in chlorenchymatous tissues, 
so that all the above figures are given with some reserve. At the 
same time it was found possible to get some indication of a varia¬ 
tion in the reaction of leaves from different parts of the stem. 
Our observations support the conclusion that the actual acidity 
decreases as the stem is ascended, thus pH 5*2—4*8 appears to 
bo common in the chlorenchyma of the lower leaves, while pH 5*9 
occurs in that of the fifth and sixth leaves up the stem. As this 
distribution of the actual acidity is exactly the reverse of that 
obtained by Astruo (1903) for the titrimetric acidity due to 
“free and half-combined** acids in the expressed juice of Phaseohs, 
a careful re-investigation of this point is required before tlie 
conclusion can bo accepted. The distribution of acids was, however, 
found by that author to vary in other cases from morning to 
evening; and further, it is quite possible for the actual acidity 
of tlio unbroken cell contents to vary inversely with the titri- 
nu^tric acidity of the expressed juice when the buffer conditions 
ar(‘ also varying, as seems to be probable from the data given 
by Astiuto. The reverse variations found by Gustafson (1924a) 
h ould also be kept in mind in this connection. 

TiaSUKS OF THE FLOWER. (Table VJT) 

The reactions of these tissues were the same in both varieties, 
with the exception of one plant of the white variety which showed 
the following differences — c instead of e in the epidermis of 
the calyx and corolla, and h instead of o in the vascular tissue 
of the calyx. 

''Fhe only interesting changes during the maturing of the 
flow(Ts were the decrease in acidity in the anthers, pH 5*() to 
])K 5*9, and in the pollen grains, pH 5*2—4*8 to pH 5*6. The 
mature ])ollen grains, as in the sunflower (p. 191), showed a higher 
pH (5*6) than that of the stigma (pH 5*2—4*8). 
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Table VII. Flowers at all stages 
YOUNG PRIMORDIA, Glandular Hairs, Young Pollen 


all 0. 


YOUNG STAMENS 
OLD 


YOUNG CARPEL 


OLD CARPEL 


Pollen e, Anther <*, Pilamont e. 
Pollen c, Anther a, (JomuHitivo e. 
Filament ec, Conducting Straiulw e. 
Tube Region a, Kpi(l(*rmul Walls d. 
Style, Stigma, Glandular Hairs — all 
Ovary Wall o, Cojidiuding Strands h. 
Ovules e. 

Style, Stigma, Hairs - e. 


YOUNG POD, 5 cms. long— Vascular tissue h, 

All other tissue's p. 

T. S. ditto — Vast'll la r tissue h. 

Other tissues o. 


CIOROLLA of Mature Flower. , . . 

BnM<> ! 

Ap(‘x 

Upper epidermis. 


H«-l 

Mesophyll. 


dlc| 

Vascular tissue. 

h 

h 

Lower epidermis. 

H«-l 

••I'-l 

CALYX of Mature Flower (Base) 



Epidermis. 

c|c| 


Mesophyll. 



Vascular tissue. 

e|hl 



CONCLUSIONS 

General phenomena bearing upon the factors which may 
influence the reaction of tissues during the growth of a plant 
have been discussed in connection with tlu* ])rcvious invt'sli- 
gation of the tissue reactions of Helianthns annu #/.s' (p. 201). 'Pht'n' 
is also available a useful discussion mainly on the zoological 
side by Reiss (1926). 

We do not propose at this stage to make a detailed (u)mi)arison 
of the tissue reactions of Vida faba and Helianthns an nans, 
rather would we emphasise firstly that there are diffen'iici's and 
similarities, and secondly that detailed data of tissue n'actions 
are as yet available only from these two sj)ecies. Altogether it 
seems to us that it would be wiser not to discuss the signifieaiu'i' 
of such differences as are found until more data concerning the 
buffers of both forms are obtained. These are at tlic moment 
being investigated in this laboratory, with interesting results. 
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It may, however, be convenient to summarise the more 
obvious points of contact between the results of the present 
investigation and the above-mentioned tissue-reactions of the 
sunflower. 

BEAN and SUNFLOWER. The cortex is usually of a some¬ 
what similar reaction in the two species, but in the bean there 
is no markedly acid epidermis such as is present in the sunflower. 
The stelar tissues in the stem show a general similarity, except 
in the endodermis and pericycle which are less acid in the sun¬ 
flower stem. In the root the cortex, endodermis, pericycle and 
pith are less acid in the case of the bean than in the sunflower 
The increase in acidity, which was observed for several tissues 
of the sunflower in passing from the aerial to the subterranean 
parts of the axis, does not appear in the broad bean. 

The reaction of the chlorenchyma of the leaf has been esti¬ 
mated, with reserve, as being slightly less acid in the bean than 
in the sunflower. In both plants there is a somewhat indefinite 
tendency for the lower epidermis of the leaf to be less acid than 
the upper epidermis. This phenomenon seems to be related to 
the part of the leaf or leaflet examined and a detailed investi¬ 
gation is required. 

In both species the mature pollen grains are less acid than 
the mature stigma. 

These similarities and differences may be related to buffer 
conditions rather than to any general metabolic; conditions. 
It is y(»t too early to suggest any causes for the phcuiomena which 
are bcung rc^cordc*(l. 


SUMMARY 

The Range Indicator Method has been applied to a detailed 
study of the tissue reactions of the broad l)ean, Vicia faha, at 
various stages of development and throughout the seed, seedling 
and mature plant. The results are recorded, summarised and 
briefly compared with those obtained for the sunflower, Helianthus 
ann a us, 

i. THE BUFFERS OF BEAN STEM AND ROOT 

The data are presented below almost exactly as given by 
Miss S. H. Martin (1927) because the buffer index point of 
view is considered in the last section of tliis chapter and it is 
ProtoplasmarMoixographien II: Small 16 
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CHAPTER XTII 


desired here to maintain the historical sequence in the development 
of the work. 

INTRODUCTION 

The relation of pH to the physiology of plant and animal 
life has been dealt with in various treatises, where the importance 
of buffer action in controlling the normal life ])ro(^OHSes has been 
emphasised especially for animal fluids. Mor(% rec(mtly similar 
considerations have been applied to the sap of j)lant c.ells, wliere 
it has been found that certain substances arc present which act 
in the same manner as do the regulators of tlu^ normal reactions 
of animal tissues. 

Each buffer system has its own fixed range whicth d(>ipends 
on the nature of the constituents, while the amount of buffer 
action depends not only on the nature of the constituents i)ut 
on the relative concentrations of the reacting substances. 

Where two or more buffer systems occur togetlier there will 
be complex interactions between the systems and these systcuns 
together will maintain the pH at what we may call its normal 
value. 

In succulent plants organic acids are formed, sometimes in 
considerable quantities, and the amounts formed depend on 
several factors such as light, amount of carbohydrate pres(uit, &c\, 
and as the buffer value of the sap is dependent on th(‘ amount 
of acid and salts of acids present we see how external factors 
may indirectly affect the buffer value of the saj). 

In a few non-succulonts buffer elements have also becui shown 
to be effective within the normal j)H zones of the plant, tissues 
(Chapter XII). 

The results of Haas’ experiments (1920) with thcj expressc^l 
sap of Buckwheat and Clover suggest that som(^ hufhu- suhsiaiu'e 
or substances were active in controlling the rea(*.ti(>ns of ih(‘se 
plant saps within the pH regions in which the titrations w(U'(‘ 
carried out. 

The pH values of the tissues of Broad Bean have n^Kuitly 
been recorded. These observations show a certain degree^ of 
variation which at times seems to be rather spasmodic^, indi¬ 
cating that the buffer conditions in the cell-saj) of the tissiu^s 
of this plant may vary to some extent. 
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These changes in reaction of the sap of the tissues of Bean 
may be due to the presence of varying amounts or to the absence 
of certain chemical substances which are capable of exerting 
buffer action within their respective ranges. 

Supposing we have present in a plant cell some substances 
capable of maintaining the reaction of the sap at a certain fixed 
point and, owing to metabolic activities within the cell, other 
substances are formed which can exert a buffer action within 
a different range either on the acid or on the alkaline side of 
the former pH range. Where these two ranges overlap there will 
be interactions between the systems which will tend to balance 
one another and the pH will assume an intermediate value, i. e. 
an equilibrium will be formed and as the relative amounts of the 
reacting substances of one or other of the opposed systems in¬ 
crease or decrease a new equilibrium will be formed and the pH 
value will be urged either towards the acid side or towards the 
alkaline side according to which system predominates. 

A number of standard buffer solutions are used for physio¬ 
logical purposes. Some of these are mixtures of salts of several 
organic acids which interact in such a way that a continuous 
buffer range, within wide limits, is obtained. Agree, Mellon, 
Avery and Slaole describe a stable single buffer solution which 
is effective between pH 1 and pH 12 (1921). At any point in this 
wide range one or other of the reacting systems predominates 
and controls the reaction, and any change in the proportions of 
the constituents of the solution ])roducos a corresponding change 
in pH. 

The following account gives a description of the experiments 
(tarried out in order to ascertain something of the buffer con¬ 
ditions within the expressed sap of Broad Bean, stem and root. 

Variations in the actual amounts of the buffer substances 
present do occur. Tlie possible significance of these variations 
will be referred to later. 

PHOSPHATE BUFFER VALUES 

Using the same methods as have been describe<l in the case 
of Sunflower (p. 212) the expressed saps of Bean stem and root 
were examined for phoHj)hate content and buffer capacity. All 
buffer values are given in terms of molar ijhosphoric acid. Owing 

1(5* 
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CHAPTER XIII 


to the Hn.r1rftning of the expressed sap all pH and buffer deter¬ 
minations were caixied out immediately after expressing the sap. 
The results of these analyses are given iu tabular form. 


BEAN STEM 
Table VIII 


pH of 
sap 

c. c. sap 

c.o.NaOH 

added 

pH after 
add. of 
alk. 

Buffer 

value 

HgPO* 

content 

Diff. between 
buffer value 
and HaP 04 
eonteut 

6-8 

2 

1-0 


()-()l412 

0'0()(}0 

0*0072 

5-8 

2 

1-6 

()•« 

001423 

i)‘00m 

0*0073 

5-8 

2 

2-0 

1 

00 

— 

OOOOi) 

— 

6-8 

2 

2-4 

6*8 

o*oir>i 


0*0082 


Table IX 


6*8 

2 

0*6 

0*2 

0*0128 

0()I2(1 

0*0002 

6*8 

2 

1*0 

6*4 

0*0141 

0*0120 

0*0015 

6*8 

2 

1*6 

6*0 

0*0130 

0*0120 

0*0004 

6*8 

2 

2*0 

6*8—6*6 

— 

0*0120 

— 

6*8 

2 

2*6 

6*8 

0*0157 

0*0120 

o*oo;u 


Table X 


6*8 

2 

0*3 

0*0 

0*0102 

0*0134 

0*0058 

6*8 

2 

0*8 

0*2 

0*0206 

0-0 UM 

()-(»()72 

6*8 

2 

1*2 

0*4 

0*0108 

0*0134 

0*()064 

5*8 

2 

2*4 

0*0 

0*0213 

0*0134 

0*0070 

5*8 

2 

3*4 

0*8 

0-0214 

0*0134 

0*0080 

5*8 

1 

0*4 

0*2 

0*0206 

0*0134 

0*0072 

5*8 

1 

0*15 

0*0 

0*0102 

0*0134 

0*0058 

5*8 

1 

0*7 

0*4 

0*0108 

0*0134 

0*0064 

5*8 

1 

1*2 

0*6 

0*0213 

0*0134 

0*0070 

5*8 

1 

1*7 

0*8 

0*0214 

0*0134 

0*0080 


Table Xl 


5*8 

2 

0.25 

0*0 

0.0160 

0.0108 

0*0052 

5*8 

2 


6*2 

0*0176 

()-0108 

0*0050 

5*8 

2 


0*4—62 

— 

0*0108 

.— 

5*8 

1 


6-6—«-4 

— 

0-0108 

— 

5*8 

1 

0*9 

6-6—«-4 

— 

0.0108 

— 

5*8 

1 

1*0 


0*0178 


0*0070 
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Table XII 


pH of 
sap 

0 . c. sap 

o.o.NaOH 

added 

pH after 
add. of 
alk. 

Buffer 

value 

HsPO^ 

content 

Diff. between 
buffer value 
and H 3 PO 4 
content 

5*(5 

2 


5*8 



0*0034 

5*6 

2 

0-6 

6*0 



0*0033 

5*(5 

2 


6*4—6*2 

— 

■itilfW 

— 

5*6 

2 

1*2 


— 

0*0128 

— 

5*6 

2 

1-6 

6*4 

0*0185 


0*0057 

5*6 

1 

0*8 

6*4 

0*0185 

0*0128 

0*0057 

5-6 

1 

1*6 

6 * 8 — 6*6 

— 


— 

5-6 


1*8 

6*8 

0*0206 

0-0128 

0*0078 




Table XIII 



6*0 

1 

0*4 

e-4r-6-2 

— 

0*0118 

— 

60 

1 

0*5 

6*4 

0*0181 

0*0118 

0*0063 

6*0 

1 

0*0 

6*6 

0-0189 

0*0118 

0*0071 


Table XIV 


6*0 

1 

0*2 

6*2 

0*0172 

0-0107 

0*0065 

6*0 

1 

0*4 

0 - 4—«-2 

— 

0*0107 

— 

6*0 

1 

0*5 

«-4 

0*0181 

0*0107 

(t-(K)74 


Table XV 


0-0 |l 

1 

0*4 

6*4 

00145 

()*()()$)5 

O-OOflO 

0-0 1 

1 

0*5 

()•()—6*4 

— 

()()095 

— 

0-0 '' 

1 

()*8 

6*6 

OOlOl 

()()005 

0 0000 

0-0 .j 

1 

1*0 

($*8-6*6 

— 

0*0005 


«•» ll 

1 ! 

! 1*2 

6*8 

0*0168 

0*0005 

0-(M)73 


Examination of Table VIll shows tliat some buffer sul)stanc;c^ 
or substances other than the inorganic phosphates were present 
in the saj). These substances were capable of l)uffering the sap, 
between pH 5*8 and pH 6*4, to the extent of a 0*0072 M H 3 PO 4 
solution, and between pH 5*8 and pH 6*8 to the extent of a 
0*0082 M H3PO4 solution; also within the reaction zone 
pH 6*4—pH 6*8 there was an increased buffer value equal to that 
of a 0*0010 M phosphoric acid solution. 

Table IX shows that between pH 5*8 and pH 6*4 the buffer 
value was higher than the inorganic phosphate content, the 
difference between buffer capacity and the actual phosphate 
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present being equal to a 0*0015 M phoKj)hate Holution. Boiw(H*u 
pH 5*8 and pH 6*8 there, was a difforenec in buffer valuer eorro- 
sponding to a 0*0031 M phoHj)hatc solution. The inereasc' between 
pH 6*4 and pH 6 * 8 , therefore, corroHpondod to a 0*00 Hi M phos- 
phato solution. 

Prom Table X wo see that between pH 5*8 ajid pH 6*4 tlio 
expressed sap showed a buffer capacity which was slightly more 
than 50 per cent, greater than that due to tlie amount of inorgani(^ 
phosphate present. Between i)H 6*0 and ])H (i*4 we get an increase^, 
of 0*0006 M, while between i)H 6*4 and pH 6*8 there was a further 
increase from 0*0198 M to 0*0214 M giving a difference betwecui 
pH 6*4 and pH 6*8 corresponding to tliat of a 0*0016 M ])hoHphoric 
acid solution. 

Table XI. Between pH 5*8 and pH 6*0 the differ<MKi(^ b('i.w(‘en 
buffer value and H 3 PO 4 content equalled a 0*0052 M j)hosphat.(^ 
solution; between pH 5*8 and pH 6*2 tlio differen(^(‘ was 0*0059 M. 
Between pH 5*8 and pH 6 *(i the sa]) was buffered! by subsi-ances 
other than the inorganic phosphates ])resent, io th(‘ of 

a 0*0070 M phosphoric acid solution. Between pH 6*0 and pH (>*6 
there was an increased buffer value corresi)on(ling to that of a 
0*0018 M phosphoric acid solution. 

Similar considerations apply to Tables XII, XIII, XIV 
and XV. 

The above tabulated results of experiments with th(‘ (‘xpr(\ss(‘d 
sap of Bean stem show that, at all the reaction i)oints d(^t.(*rmin<*d, 
the buffer capacity of the saj) was higher than that. (Iu(‘ to tlu' 
amounts of inorganic phosphates present. The', difh^rencos Ix^t-wcnui 
buffer value and inorganic jAosphate content, varied from sainph' 
to sample of the sap. 

The reaction of the expressed sap in most (^as(^s was ])II 5 * 8 ; 
pH 5*6 was observed in one case and ])H ()*0 in a few ease's. 

The experiments wore carried out to an arbit.rary (Mid -point. 
pH 6*8 in most oases. 

In all cases, on titration with standard alkali, tlu' sap ex¬ 
hibited a progressive increase in buffc^r value, with in<M*(‘asing 
amounts of alkali added, from the original pH of ilu' ('xpr(‘ss('d 
sap to reaction points in the direction of lesser acidity. 

The increase of buffer value within the reaction point.s d('- 
termined also varied from sample to sample as will bo seen from 
the following figures taken from the tables above. 
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BEAN STEM 
Table XVI 


pH sap 

Buffer value 
between 
r)*8~6*4 

Buffer zone 

Increase of 
buffer value 

HsPO* 

content of sap 

5*8 

•0141 

6-4—6*8 

0 0010 M 

•0060 M 

5-8 

•0141 

6-4—6*8 

0-0016 M 

■0126 M 

5-8 

•0198 

6-4—6*8 

0-0016 M 

•0134 M 

5*6 

•0191 

6*4—6*8 

0 -0021M 

•0128 M 



Buffer value 
boiwccu 
6 -0—6*4 




60 

•0145 

6*4--6*8 

0*0023 M 

•0096 M 

6*0 

•0181 

6*4—6*6 

0*0008 M 

•0118 M 

6*0 

•0181 

6-2—64 

0*0009 M 

•0107 M 

5*8 

— 

6 -0—6*6 

0*0018 M 

•0108 M 



6 -2—6*6 

0*0011 M 

•0108 M 


I^Vom this table wc hoc. that the buffer value of the exproKwed 
sa]) })etween pH 5*8 and pH. 6*4 varied from 0*0141 M to 0*0108 M, 
and between pH 0*0 and pH (>*4 from 0*0145 M to 0*0181 M. 

The inereaHc in buffer capacity from pH 6*4 to pH 6*8 varied 
from 0*0010 M to 0*0023 M. 

The actual arnountH of inorganic ])hosphates present in the 
vsap varied from 0*0069 M to 0*0134 M. 

BEAN ROOT 

In tlie root the inorganic ])hosi)hate eonttuit vurit'd from 
0*007<) M to 0*0092 M. 

The reaction of the expressed sap was sometimes at pH 5*6, 
sometimes at pH 5*8 and more often at jjH 6*0. 

Owing to the necessary washing of the roots and the resulting 
dilution of the sap, buffer determinations and phosphate analyses 
cannot be directly compared with those of the stem. 

The results of four experiments with the expressed sap of 
Bean root are given below. 
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BEAN ROOT 
Table XVJI 


pH of 
sap 

CiC. sap 

c.c.NaOH 

added 

pH after 
add. of 
alk. 

Buffer 

value 

contt'iit 

Diff. between 
buffer value 
and HjjP ()4 
eontc*iii 

5*8 

2 

0-2 

6*0 

0*0128 

0-()002 

o*oo:56 

5*8 

2 

0*5 

6*2 

0*0129 

()-(>()!)2 

o*oo;)7 

6*8 1 

1 

0*5 

6*4 

0*0141 

0 -0()U2 

0-0049 


Table XVIII 


6*0 

1 

0*3 

6*4 

0*0109 

0-0082 

(»-()027 

6*0 

2 

0*2 

6*2 

0*0086 

0-0082 

0-0004 

6*0 

2 

()-5 

6 *6—6*4 

— 

0-0082 


6*0 

2 

0*6 

6 *6—6*4 

— 

0-0082 


6*0 

2 

1*2 

6-6 

0*0124 

0-0082 

()()042 


Table XIX 


6*6 

2 

0-4 

6-0 

0()I03 

0-0079 

(i-ooai 

6-6 

2 

0-6 

6 -2—6-0 

— 

()'()07» 


5-6 

2 

0-8 

6-2 

0-0147 

0'(H)7!) 

0-0068 


Table XX 


6-0 

2 

0-2 

6-2 

0-008(i 


((■(MMia 

6-0 

1 

0-3 

6*4 

0*0109 

0*0088 

0*0021 

6-0 

1 

0-5 

6-6 -6-4 


0-0088 


6-0 

1 

1-0 

6-8 

<)()I37 

0*0088 


60 

1 

1-6 

7-0 

O-Ol.W 

0*0088 

0 (H)(i!* 


Table XVIT. The saj) in this ease had a buffer valiu* gn'alc'r 
than that duo to the inorganic phoHphates present. B<‘tw<‘eii 
pH 5*8 and pH 6*4 a buffer value c()rreH])()n(liug to iluit. of a 
0*0049 M phosphate solution -was in exeess of that. <lu(‘ t.o the 
contained phosphate. Within the range pH (>*0 — pH (>*4 t.lH‘ri‘ 
was an increased buffer capacity equivalent to that of a 0*001:5 M 
phosphate solution. 

Table XVIII. The reaction of this sap was pH (i-O. 

The addition of 0*2 c. c. NaOH 0*005 M shifted the reaction 
to pH 6*2 indicating a buffer value corresponding to that of a 
0'0086 M phosphate solution. 
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The phosphate content was 0-0082 M so that the contained 
inorganic phosphates accounted for somewhat less than the 
total buffer capacity, to the extent of a 0*0004 M solution. 

Between pH 6*2 and pH 6-G there was an increased buffer 
value from 0*0086 M to 0*0124 M, i. e. 0*0038 M, Between pH 
6*0 and pH 6*6 there was a buffer value greater by 0*0042 M, 
than the amount of inorganic phosphates present. 

Tables XIX—XX show similar results. 

In the root as in the stem the buffer capacity of the expressed 
sap was higher than that of the contained inorganic phosphate. 
The buffer value showed progressive increase as the reaction 
was shifted, by the addition-of increasing amounts of alkali, 
in the direction of lessor acidity, i. e. towards pH 7*0, 

All the records given above show how necessary it is to state 
the range in which the buffer capacity is determined, as within 
different reaction points we may get a totally different value. 

IDENTIFICATION OF OTHER BUFFERS 

TESTS FOR MALIC ACID. — Preliminary qualitative 
tests for organic acids indicated the presence of malatos in the 
sap of Bean. 

A quantity of sap was acidified with HCl in dilute solution, 
and was then extracted with other. To the ether extract neutra¬ 
lised witli NaOH, excess CaClg cone, was added and the resulting 
])recipitate was filtered off. This filtrate was boiled and when 
CaCla was again added there was no precipitate. To this filtrate 
hot absolute alcohol was added when traces of a ju’ccipitatc were 
found. On boiling the alcoholic solution a white precipitate of 
calcium malate was obtained. 

To test this prccij)itate, the calcium malate was dissolved 
in Jiot water and on addition of lead acetate a white precipitate 
was found. This precipitate was suspended in water and decom- 
posetl by bubbling sulphuretted hydrogen through the solution. 
The lead sulphide was then filtered off and the solution concen¬ 
trated on a water-bath. 

The concentrated solution was then tested for malic acid 
with ^-naphthol-sulphuric acid and gave the characteristic colour 
reactions i. e. (1), greenish yellow colour, (2) bright yellow on 
heating, (3) bright orange solution on adding a little water. 
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MeaHured quantities of sap were then analysed for malic 
acid content. 

Ex 2 )eriment 1. Using 45 c. c. sap, tlic weight of calcium 
malate obtained was -08 grainines, whicli is equal to I -777 grammes 
per litre. Therefore, the malic acid content wjis I‘384 grammes 
per litre of sap. 

Expemnent II. Using 30 c. c. sap, the calcium malate ob¬ 
tained was 1-733 grammes per litre which is ecpiivalent to 1*352 
grammes of malic acid per litre. 

Experiment III. Using (50 c. c. sap the weight of calcium 
malate determined was 2*125 grammes per litre. malic acid 
content was, therefore, 1*655 grammes per litre. 

Experiment IV. Using 20 c. c. sap the calcium malate })rec.i- 
pitate weighed *035 grammes. This is equal to 1*75 grammes 
of calcium malate per litre; therefore the malic aciid content 
was 1*363 grammes per litre of Ha2). 

A malic acid solution containing I *(5 grammes of malic? a(?id 
per litre was prepared. This solution was acid to Methyl Red 
and was brought to pH 5*8 by the addition to 10 c. c. of solution 
of 0*3 c. 0 . N.NaOH. 

The solution, now containing 1*553 gramnu?s malic? acid per 
litre, was tested for buffer value between the re.ac?tion points 
pH 5*8 and pH 6*0. 

The addition of 0*2 c. c. NaOH 0*005 M shiftcMl t he* reaction 
from pH 6*8 to i)H 6*0; therefore, the buffer value of the malate? 
solution in this narrow zone eorres 2 )on(lo(l to that of a 0*00250 
molar phosphate solution. 

As pH 6*0—pH 5*8 is near the unbuffered zone, on the? 
alkaline side, for a malate buffer system, the degree of buffeu* 
action of such quantities of malic acid at more acid points will be? 
considerably greater. 

To test the buffer value of Bean Sap on the aeid sidc‘ of its 
normal reaction, standard acid (0*005 M liydrochloric?) was ad(lc?d. 
The addition of 0*3 c. c. HCl brought the reaction to j)H 5*4 while? 
0*4 c. c. brought the reaction to 2 )H 5*2. 

This shift in reaction would bo caused by the additioji of 
an equal amount of acid to a 0*0142 molar phosj)horic acid solution, 
and this gives the phosphate buffer value of the sa 2 ) bctweou 
the reaction points pH 5*8 and pH 5*2. 
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Another portion of this sap sample gave a buffer value of 
0-()l27 M botwoon {)H 5*8 and pH 6*0 and 0*0128 M between 
pH 5*8 and pH 6*2, indicating a higher buffer value on the acid 
side than on the alkaline side. This higher buffer value on the 
acid side of the normal reaction of the expressed sap will be ac¬ 
counted for, in part at least, by the presence of malates in the 
sap. Other organic acids if present may contribute to the higher 
buffer value on the acid side of the normal reaction. Tests for 
othox organic acids were carried out but with the exception of 
oxalic acid the presence of any of these was not detected. 

T ESTS FOR OXALIO ACID. — A large quantity of expressed 
sap of Bean stem was acidified with acetic acid and the following 
experiments were carried out. 

Exj>eriment L The addition of calcium acetate to a portion 
of the acidified sap caused a white precipitate of needle crystals 
of calcium oxalate mixed with characteristic crystals of calcium 
Hulpliatc. After the addition of barium chloride (Zimmbrmann 
1893) the calcium oxalate crystals remained unchanged and the 
calcium Huli)hatc crystals became coated with a granular proci- 
])itato and finally broke up. 

Experiment IL The addition of lead acetate to another 
portion of acidified sap gave a white precipitate. 

Experment III, A portion of sap, acidified with acetic 
ac?i(l was extracted witli other. The other layer, containing the 
organic*, acids in solution was separated off from the insoluble 
substances. After evaporating off the ether the solution was 
neutralised with NaOH. The addition of calcium chloride (5 per 
(‘(uit. solution) to the neutral solution caused a white ])owdery 
])re(*,ij)itato which was insoluble in acetic acid and soluble in 
hydrochloric acid. 

In order to confirm the presence of oxalate, calcium acetate 
was added to a sample of sap acidified with acetic acid. The 
resultant precipitate was filtered off and dissolved in HCl and 
was then extracted with ether. On evai)orating off the ether 
white crystals of calcium oxalate separated out. These were 
in the form of crystalline masses which were soluble in HUl, 
soluble in HNO3, insoluble in KOH and insoluble in acetic acid. 

The calcium oxalate crystals obtained from a 45 c. c. saiujde 
of saj) were filtered off and washed with water. The crystals 
were then dissolved; H 2 SO 4 was added and the solution was 
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titrated at 60^0 with an — permanganate Hohition. 

— 1-9 grammes oxalic acid per litre of saj) wcto CHtiinatod, i. e. 
oxalates equivalent to a 0*0211 M oxalic acid solution were present 
in the expressed sap. 

Portions of expressed sap were tested for other organic? acids 
e. g. tartaric, citric, succinic etc., but the prescuioc of any of 
these was not detected. 

OTHER BUFFERS. — An oxalate buffer system is capable 
of stabilising the reaction of a solution within the range i)H 3*0 
to pH 5*3. 

Malatos are effective between pH 3*7 and pH 0*0. l^'lic^sc? 
two systems together with the phoHi)hat(?s present form a nicHilia- 
nism capable of buffering within a wide range but beyond ])H (}•() 
in the direction of lessor acidity the presence of substances other 
than the inorganic phosphates is necessary to a<J(Joiini for i.lu? 
higher buffer value found by titration with alkali. 

Of the possible known systems which may Hup])Iom(?ni tin? 
buffer value of the inorganic phosphates we have proteins and 
bicarbonates. 

PROTEIN AND AMINO-ACIDS. — Tlie part i)lay(?d by 
proteins has been dealt with by various authors in(*.luding Riciss 
and Lobb. Reiss (1920) attaches considerable imi)ortaiicc t.o tbe rok? 
of proteins and their hydrolytic ])roduetK. According to tins 
author “Les substances ])rot6iques et lour produits dc! dc'^gradat iou 
realisent los effets tampons les ])lus considc'Tabh's”. 

Reiss bases his considerations mainly on observations of 
animal tissues. In the coll saj) of plants prot(?ins and amino- 
acids do not occur in such considerable ipiantitu^s as in aninuil 
fluids, e. g. muscle juice, and in consequence not mucli impor¬ 
tance has been attached to them so far as their value as buffers 
is concerned. 

According to a recent view (p, 74) amino-aeids an? of mu(?li 
more importaiico biologically than has hitherto been nMilis<»<I. 
The ‘Zwitterions’, carrying positive and negative charges, a.i*<? 
considered to be present, in amino-acid solutions, in appr(?(?ial)l<‘ 
quantities, and as ampholytes these Zwittorions if j)reHent in 
quantity may be capable of exerting a quite considerable buffer 
effect. 



THE BROAD BEAN (VICIA FABA) 


253 


The acid and basic dissociation constants for several amino- 
acids are given by Bjbrrxtm (see Clark 1928). These are consi¬ 
derably higher than those given before, which means that pro¬ 
teins and amino-acids in a medium more acid or less acid than 
their iso-electric points may exhibit much stronger basic or acidic 
properties than has usually been attributed to them. 

For this reason these amphoteric substances may be respon¬ 
sible for some of the buffer capacity of the expressed sap of Bean, 
within the reaction points determined, on the alkaline side of 
pH 0-0. 

There is present in all parts of Broad Bean an amino-acid 
(dihydroxyphenylalanine) which, as it readily oxidises in air, 
is held to be responsible for the purplish black colour which occurs 
when the tissues are exposed to air. 

An attempt was made to discover the part played by any 
jiroteins ])resent in the sap, by precipitating the proteins by heat¬ 
ing and comparing the buffer value of the juice before and 
after removal of the proteins. The addition of trichloracetic 
acid to the cooled and filtered juice caused no precipitate showing 
that all the proteins had been removed by heating. 

The following comparison of the results from unheated, and 
lieated and cooled juice are given with reserve, as the effects 
of heating the sap are complex, and may result in complete 
disturbance of the normal sap conditions. 

Among the j)ossiblc effects of such heating are precipitation, 
along with the j)roteins, of traces of inorganic phosi)hatcs and 
other substances, driving off of COg from carbonates and bicar¬ 
bonates, oxidation of various substances, the formation of sub¬ 
stances more or less highly <lissociate(l, 2 )hysical effects asso¬ 
ciated with surface tension changes, and so on; all of which 
c'banges may alter the ])H and may influence the buffer value 
of the extract. 

Details of two experiments with the sap of Bean stem and 
one with the sap of Bean root, are given below. 

Experiment /, The expressed sap (unheated) had a reaction 
value of pH 6-0. The buffer value of this sap between pH C’O 
and i)H 6*4 equalled that of 0*0181 molar phosphoric acid solutum; 
between pH 6*0 and pH 6*6 that of a 0*0189 molar phosphoric 
acid solution. The inorganic phosphate content was 0*0118 M. 
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The filtered extract after heating and cooling, gave a pH 
value of 6-0 and the buffer capacity of this juice between })H O-O 
and pH 6-4 was 0*0181 M, and between pH 0*0 and pH (rO was 
0*0189 M, so that neither the reaction value nor the buffer capacity 
of the juice in this particular case had been altered by beating. 
The inorganic phosphate content of the cooled extract was 
0*0121 M, i. e. 0*0003 M more than was obtained from the unheated 
sap, so that the possible protein buffer value here may hav(‘ 
amounted to that of a 0*0003 molar ])hoHphoric acid solution. 

Experiments IT and III are given in tabular form. 


Experiment 11. Table XXI 

BEAN STEM — SAP UNBOILED 


pH of 
sap 

c. 0 . sap 

c. c. NaOH 
added 

pH after add. 
of alkali 

Huffier 

valiK^ 

conti^nt 

60 

1 

0*4 

6*4 

0*0145 

0*0005 

6-0 

1 

0-8 

6*6 

0*0161 

0*0005 

6*0 

1 

1*2 

6*8 

0*0168 

0*0005 


BEAN STEM — SAP BOILED 


6-2 

1 

0*2 

1 (i-4 

()oi2r> 

0*0088 

6*2 

1 

0-5 

«•» 


0*0088 

6*2 

1 

1-0 

6 -H 

0*0166 

0*0088 

6*2 

1 

1-5 

7-0 

0*0178 

0*0088 


This tabic shows that the addition of 0*8 (*. alkali to th<^ 
expressed sap and to the protein free extract, both brought to 
pH 6*4, shifted the reaction of each from j)H 0*4 to pH (rS, indi¬ 
cating equal buffer value in both cases, between th(‘S(‘ points. 

The phosphate content of the filtered extract- was l<)W(‘r 
than that of the unheated saj) and the reaction was 1(‘hs aci<l. 

It is clear, from this experiment, that some disturbance of 
the normal conditions had taken place. Th(^ (Ug dissolved in t.h<‘ 
liquid as H 2 CO 3 or present in the form of carbonates and bi¬ 
carbonates may have been driven off by lieating, thus rendci'ing 
the juice less acid; while the formation of acid groups, probably 
derived from the proteins and capable of buffering in tliis n^gion 
may have brought the buffer value up to the level of that of th(‘ 
unboiled sap. Some of the inorganic phosphates may liave bc(m 
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precipitated along with the proteins. Other chemical and physical 
effects may also have intervened. 

These considerations show that although a casual comparison 
of the buffer values in the above tables, may lead one to believe 
that the buffer value of the protein free juice is lower than that 
of the expressed sap containing proteins, the real state of affairs 
may be quite otherwise. 

Any comparison of buffer values must be of those within 
a definite fixed limit, since outside of this region the buffer values 
may be totally different. As the tables given above show, the 
buffer value between pH 6*0 and pH 6-8 does not correspond 
to that found between pH 6*2 and pH 6*8. 

Experiment III, Table XXII 


BEAN HOOT — SAP UNBOILED 


pH of 

c. (t. sap 

e. 0 . NaOH 

pH after add. 

Buffer 

HsPO^ 

sap 

added 

of alkali 

value 

content 

6-0 

2 

0-2 

6*2 

0O08($ 

0-0088 

«*0 

I 

0*3 

6*4 

OOlOS) 

0-0088 

6*0 

1 

()-6 

0()—(S-4 

— 

0-0088 

(SO 

1 

10 

6-8 

00137 

0-0088 

(SO 

1 

1-5 

7*0 

00157 

0-0088 


BEAN ROOT — SAP BOILED 


(S-2 

o 

0-4 

(S-4 

0-0125 

0-0088 

(S-2 

1 

0-2 

(S-4 

0-0125 

0-0088 

(S-2 

1 

0-5 

()-() 

0-013(> 

0-0088 

(S-2 

1 

1-0 

7-0-(S-8 

— 

0-0088 

(S-2 

1 

1 2 

70 

0-0143 

00088 


(Comparison of the amounts of alkali required to produce 
a shift from pH 6*4 to pH 7*0 shows that the buffer value between 
these reaction points was higher in the case of the filtered extract 
than in that of the unboiled sap. The reaction of the boiled 
extract was less acid, but the phosphate content was unaltered. 

Other experiments with unheated, and heated, cooled and 
filtered sap of stem and root, gave similar results to those ta])u- 
lated above. The filtered extract sometimes had a higher buffer 
value, while the pH was usually slightly less acid or unaltered. 




256 


CHAPTER XIII 


The possible results of heating the saj) are too complex for 
us to draw any definite conclusions from the above experiments. 

Within what pH regions, and to what extent y)lant proteins 
may contribute to the buffer value of the cell-sap, 1 do not venture 
to say; but in certain animal juices it is knowii that the colloidal 
proteins systems act as buffers within such reaction zones as hav(^ 
been determined for the expressed sap of Hoan, and it may be 
that here too proteins, or their <lorivatives, may luive playcMl a 
part in buffering the sap, within those reaction zones. 

The actual amount of the protein whieli was pre<upitat(‘<l 
by heating, was not determined. 

BIOARBONATE-CARBONIO ACID SYSTEM. — Conside- 
ration of the reactions of some of the tissues of Bean, g. ihosc 
of the cortex and pith, suggested that in those tissues c?arbonates, 
if present, might be responsible for some of tlio buffer aedion 
exhibited by the expressed sap, wliich is a mixture of saps from 
the various tissues and probably consists mainly of sap derived 
from cortex and pith. 

A bicarbonate-carbonic acid system is capable of buffering 
on the alkaline side of pH 6*8. Beyond pH 5-8 in fbe direction 
of greater acidity, any carbonate present in the sap will (‘xist as 
free acid, but beyond pH 5*8 in the direction of lessen* aendily any 
carbonate present will form a bicarbonate-carbonic aedd system, 
which will show feeble buffer activity at either (md of its buffeT 
zone, but will exhibit increasing buffer value as the* rciatd.ion 
j)rogresses towards the point of maxiinuni buffen* (capacity for 
this system, at or near pH 7-0. If a bicarboruii<‘-carbonie acid 
system is present in the expressed sap of Iknin w(^ should (^xfx'cl 
to find increasing buffer value as the titration of lla* sap pro¬ 
ceeds in the direction of pH 7-0. 

That this is indeed the case has already l)een pointcnl out.. 
The expressed sap of Bean stem was tested for carbonate e.ont.(*nt.. 
To a measured quantity of sap in a burette a known volunu^ of 
a concentrated solution of tartaric acid was a<lde<l from aiiotluu' 
burette. Bubbles of OO 2 were evolved. By adjusting the 
of the liquids in the two burettes the pressure of the gas t.o b(‘ 
analysed was brought to that of the atmosphere, llic bund tx^ 
was now attached to a Hali>ane*s gas analysis aj)i)aratus and a 
sample of the gas was analysed for COg content, by absorption 
of the CO 2 in potash solution. All readings were taken at room 
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temperature. Varying amounts of sap (8. c. c. —10 c. c.) were 
used for the analyses. 

The figures given are calculated as c. c. of carbon-dioxide 
per 100 c. c. of sap. 

Amounts of GOg in c. c. calculated to 100 c. c. of sap were 
as follows: — 7*2, 4*0, 7*5, 7*3, 3*1, 7*3. 

The amount of CO 2 present in the carbonate or bicarbonate 
form was not determined, so we cannot say to what extent a 
bicarbonate-carbonic acid system was present, but from the 
amounts of CO 2 driven off by the acid, it seems reasonable to 
conclude that such a buffer system was present in the expressed 
sa]), and that this bicarbonate system contributed to the degree 
of buffer action exhibited by the expres-^ed saj), on the alkaline 
side of pH 5*8. 

All the results obtained by titration of the sap with alkali 
])oint to the presence of such a buffer system. 

INTERACTION OF BUFFERS. — If we examine the buffer 
range of the substances, found in the expressed sap of Bean, 
which are known to be capable of exerting buffer action within 
their res])ective ranges wo see how overla])ping systems may 
interact to stabilise the ])H of the sap within a wide region. Oxa¬ 
lates buffer between pH 3*0 and pH 5*3, malates are effective 
boiween pH 3*7 and pH (i*0. From pH 3*7 to ])H 5*3 the ])H 
valiH’! inaintaiiuMl by the interactions (;f both these systems will 
cU'jxmd on ih(‘ n^lative concentrations of the reacting substances. 
The* huff(M* for inorganic phosphates is pH 5*2 to i)H S*0, 
so that malates and phosphates will interact to biifier the saj) 
between j)H 5*2 an<l pH (rO. Where the inorganic phosphat<‘ 
sysUmi coim\s into action at f)H 5*2 all or |)ractically all the oxalic 
a(d(l pr(\si‘nt will <\\ist. as inactive salt, t‘. g. calcMum oxalat(‘, 
erystals of which o(*(;iir frecpiently in plant (*(‘lls. Bc'vond pH 
.5*8 a l)i(^arb()nate sysUun is effective, so that. wh(‘r(‘ malates (*eas(^ 
to hav(^ any buffer value bicarbonates begin to exert their in- 
fliKMico and the pH of the sap will be controlled by inorganic 
j)hosp}iatos and bicarbonates. 

Proteins and their derivatives, and ]K)ssibIy other siibstan(*(\s, 
und(T prop(T (tondiiions, may' also ])lay a part. 

Haas (1020) gives a record of one plant with saj) on the 
alkiiline sid(» of pH 7*0. The juice from the to])s of sweet elovcu* 
had a n^action of approximately pH 7*3, and contained about 

ProlonluHina-lVloiujj/rjiphion II: Small 17 
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50 per cent, more COg than that of medium white clover, the 
sap of which was of pH 6-0. 

Consideration of the results of the titration of Bean sap 
and comparison of these results with those of ot]i(‘.r workers 
using various plants, seem to indicate that in ])lant ciolls with 
sap reactions normally on the alkaline side of pH Od) bicarbonate^ 
if present, may alone or in conjunction with other systems maintain 
constant the relatively low degree of acidity. 

CARBON DIOXIDE EFFECTS. — All records of the i)H 
of cell contents show that in very few plant cells is there a r(^a(!tion 
value higher than pH 6-2, so that under normal conditions most, 
plant cells are not buffered by a bicarbonate system which at 
pH 6-0 can exert only very feeble buffer action. At more ac.id 
points this system disappears and one of its prodiudis, i. e. COjj, 
may not only produce shifts in reaction but in tlu^ living plant 
may enter into combination with other substances to form organic 
compounds, e. g. organic acids which are capable of rendering 
the sap more acid and of maintaining the acridity at thc’i low(U’ 
pH value. 

As has already been pointed out variations in the pH of t.h(‘ 
cell contents of the tissues of Bean “from plant* to plant* and 
from stage to stage of the growth” do occur (j). Th(‘s(' va¬ 

riations may be accounted for by the [)reH<mc(^ or abs<ui<u» of om^ 
or more buffer substances, o. g. oxalat(w, malat<\s, inorganic 
phosphates, bicarbonates &c., which occur in variabh^ arnounls 
in the expressed sap and presumably also vary in amount, in <h(‘ 
individual cells of this ])lant. 

The disadvantages of using expressed sap hav(‘ Ix^cmi point(‘d 
out in Part II. It is possible and indeed cxtnunely proba.bl(‘ 
that substances not in contact with each otheu* in th(‘ living 
cell, may be brought into contact during tlie (‘xt ract ion of t.h<‘ sap. 

Comparison of the buffer conditions within tlu^ cell sap of 
each tissue of the Bean would be an interesting study, if it. w(‘r(^ 
possible to obtain sa]) from each tissue sc^parately, and in suffi¬ 
cient quantity for analysis. 

In all experiments with ex])r(issed saj) the esc.a])(‘ of carbon- 
dioxide will be a source of error, especially where a l)ic.arbona.t<‘ 
system is present, as the bicarbonate-carbonic. ac.i<l ral.io in the 
uninjured cell may differ from that whi(*h will result, when tlu^ 
carbon-dioxide content forms an equililuium with the air. 
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A phosphate solution containing a O'l gramme molecule 
of KH 2 PO 4 and a 0*1 gramme molecule of K 2 HPO 4 per litre 
was prepared. This solution was of 0*2 M concentration and the 
reaction was of pH 6 * 6 . The addition of 0*5 c. c. N HCl shifted 
the reaction to pH 5*8; 0*6 c. c. N HCl brought the pH from 6*6 
to 5*6. The phosphate solution was now approximately 0*19 
molar. This 0*19 molar phosphate solution was brought into 
contact with COg gas as in previous experiments with Sunflower 
sap (p. 216). 

The following shifts in reaction were obtained. — 


Table XXIII 


Reactions of a 0*19 M. 

Phosphate solution 
percentages of CO 2 . 

L in contact with varying 

V. GO, 

0 

20 

30 

40 

60 

90 

96 

pH 


5-6 

6-4 

6*4 

6*4 

6*4 

5*4—5*2 

Vo 00, 

0 30 


50 

60 

70 

80 

90 96 

pH 

C-8 6-8 

5*8 

5*8—5*6 

5*8—5*6 

5*6 

5*6 5*6 

—5*4 5*4 


Previous to the addition of any hydrochloric acid 96 per cent. 
(JOg shifted the reaction of the *2 M phosphate solution from 
pH 6*6 to pH 6*4—6*2. 

The expressed sap of Bean stem was then tested for COg 
effects in a similar manner (Table XXIV). 

Table XXIV 

Rfac'tions of tin* Ex])r(*ss(.*ii Sap of Beau Stom with increasing 
p(‘rccntagt’.s of (’O.^. 

%(H )2 0 5 10 20 30 40 r>0 60 70 SO 00 

"pH 5*8 5 6—54 5*t 5*2'5 2--5*0 5*0—4*S 4S 4*8 4»S 4*S 4*S 


The buffer value of a sample of this saj) was 0*017 JM between 
j)H 5*8 and pH 6*4. The H 3 PO 4 content was 0*0103 M. Between 
pH 6*2 and pH 6*4 there was an increase of buffer value etjual 
to that of a 0*002 molar phosphate solution. A phosjjhate solution 
of onc-tentli the previous concentration was, therefore, prepared 
and tested with carbon dioxide as before (Table XXV). 

17* 










260 


CHAPTER XIII 


Table XXV 

Reactions of a 0*019 molar phosphate solution with increasing 
percentages of CO 2 . 

pH 0 6 9 10 20 30 40 50 (iO 70 80 90 

^^5*6 5*6 5*4—5*2 5*2 5-0—4*8 4*8 4»8-~4-0 4*Tr47r4>(r4-'o 4 

The CO 2 effect was slightly greater on this weak ])hoH|)hate 
solution than on the sap of Bean. This is what wo. should (‘-xpecit 
because of the greater complexity of the buffer (conditions within 
the sap. 

Even with the more concentrated jdiosphate solution carbon- 
dioxide in percentages above 30 produces shifts in reaection, 
while with phosphate content approximately e(|ual to or slighi,ly 
higher than actually found in Bean pcrcentag(cs of VX)^ from 
5 per cent, upwards produce such shifts as are tabulated abov(c. 

SUMMARY 

The inorganic phosphate content of the expressed sap of 
Broad Bean, stem and root, was determined by Emudkn's nuctiiod. 
The buffer value of the expressed sap was determined by titration 
with standard alkali and the results so obtained were eakiulated 
in terms of molar phosphoric acid. 

Stem and root sap exhibited similar phenomena: — (I) vari¬ 
ability of the amounts of inorganic idiosphatics ])r(cs(mi; (2) vari¬ 
ations in the amounts of buffer action; (3) at all the nviction 
points determined the sap of the stem or of thec root, exliibitc^d 
a higher buffer capacity than that due to the c.ontaiiu^d inorganic 
phosphate; and (4) in all cases the buffer value of th(‘ sap in¬ 
creased as titration proceeded towards an arbitrary cmd j)oint, 
which was pH 6‘8 in most cases; (5) the differcuuH^s Ixd-wccm 
H3PO4 content and buffer values, at the various rcMKd.ioti j)ointH 
determined, apparently bore no definite relation to ib(^ acdual 
amounts of inorganic i)hoHphates in solution in the (Jcll-saj). 

Preliminary cpialitative tests for organic acids indicaUxl ilu^ 
presence of oxalates and malates in the sap. 

The oxalic acid was precipitated as calcium oxala1.o aiul 
estimated quantitatively by titration with standard permanganat.(^ 
solution. The presence of 1'9 grammes oxalic acid jxu* litn^ of 
sap was determined. 
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Tae malic acid was determined gravimetrically, the acid 
being precipitated as calcium malate. Varying quantities, from 
1'733 to 2*125 grammes of calcium malate per litre of sap, were 
obtained. A malate solution containing 1'553 grammes of malic 
acid per litre had a buffer capacity, between pH 5*8 and pH 6*0; 
corresponding to that of a 0*00256 M phosphoric acid solution. 

On the acid side (pH 5*8 to pH 5*2) of its normal reaction 
the sap of Bean stem exhibited a higher buffer value than on its 
alkaline side, (pH 5*8 to pH 6*2) to the extent of a 0*0015 M phos¬ 
phoric acid solution. 

Oxalates act as buffers within the reaction range pH 3*0 to 
1 )H 5*3. Malates buffer between pH 3*7 and pH 6*0. Inorganic 
phosphates are effective as buffers from pH 5*2 to pH 8*0. 

Titration with alkali indicated the presence of some system, 
other than the phosphate, capable of stabilising the reaction of 
the sa^D on the alkaline side of pH 6*0. 

The possible effects of proteins and their derivatives, in this 
region, are considered. 

The addition of a concentrated solution of tartaric, acid to 
the saj) caused evolution of bubbles of CO 2 , indicating the presence 
of carbonates in the sap. 

The amounts of carbon-dioxide obtained, at room tempe¬ 
rature and at atmospheric pressure, varied from 3 c. c. to 7*5 c. c. 
|)cr 100 c. c. sap. 

A bicarbonate-carbonic acud system buffers from approxi¬ 
mately pH 5*8, to a reaction point on the alkaline side of 
pH 7M). 

B(\y<>n<I pH 5*8 in the more aei<I din^ctiou any (*arbonatos 
pr<*s(*nt. will (‘xist as free acid and as may pro(Iu(*c cornpa- 
rativc'ly large shifts in reaction, and may also in the living c(dl 
take i)art in the formation of organic substances which may alter 
the buffer value of the sap. 

In contact with COjj of concent rat ions ranging from 5 per cent 
to 50 per cemt, the reaction of the expressed sa]) of Bean was 
shifted by iiKToasing amounts; 50 i)er cent brought the 
reaction from i)H 5-S to pH 4*8. Increasing 2 )ercentages of acid 
gas gave no further sliift in pH value. 

The effect of COg on a 0*019 molar phosphate solution was 
(Icterniinod. The reaction was shifted slightly more than in the 
case of the expressed sap owing probably to the greater com- 
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plexity of the comlitiona within the sap; 50 por coni. OOg niovc^d 
the reaction from pH 5-6 to pH 4-6, while 00 per cent produced 
a very slightly greater shift to pH 4-6—4*4. With stronger phos- 
phate solution, 00 per cent OOg altered the pH figure of a OdO M 
phosphate solution from pH 5*6 to pH 5-4 so that even with this 
more concentrated phosphate solution OO 2 produced soiru^ (‘.ffeei. 

It is necessary to remember that the state of affairs, iiududing 
buffer conditions, the physical and chemical states of numerous 
substances &o., may be oven more complex within tlie living 
cell than in the expressed sap. Unfortimately, inv(^stigation 
of such phenomena as buffer action in the living cell is not pos¬ 
sible as yet. 

This is the work as presented by Miss Maktin withoui. the 
use of the Buffer Index. The Broad Bean, as may be setm from 
the above, presents a much more complex buffer |)roblem tlian 
did the sunflower. Vida faba shows ])robably a closer aj>proac.h 
to normal buffer conditions than the sunflower, but the low ])uffer 
values are still noteworthy in comparison with animal fluicls, 
and carbon dioxide is still an active determining fa(d.or in the 
natural reaction range of pH 6—6*2. The malatc** an<I oxalat.<^ 
buffering is probably responsible for the absence of acudific'ation 
in the under-ground parts of the stem in the Ix^an. 

The buffer systems identified are phosphates, carbonic- 
acid-bicarbonate, malic-acid-malate, and ()xalic-aci(l-<;xalat.(‘. 

3, BUFFER INDEXES IN VHIIA FABA 

In the presence of only one buffer system, a.s in th<^ sunfIow(‘r, 
the use of buffer values in terms of the change^ of t lu’i rat io of t lu' 
two components of the single buffer system is (juitc^ I(‘git.imat(‘. 
and presents the phenomena quite clearly. In the of 

more than one buffer system it is extremely diffieult. to pn\s(‘nt. 
the phenomena clearly other than as a series of Buffer IiuU'x 
curves. Miss Martin was able to indit'ate other systtuns, in 
addition to the phos^jhate system, whicli buffer in the sten» juic(*. 
of Vida faba; hut the interactions arc too eomj)lex to be deserilxMl 
adequately without a series of actual curves. 

Nevertheless, she determined quantitatively the exiont. to 
which all these systems are present. If the data in Table X b(^ 
taken for a buffer index curve of the juice from the stem, we got 
three points on a curve, A fourth point can be obtained by cal- 
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culatioii froju the acid-titration data given on jj. 250. The Buffer 
Index curve for the stem juice is given in figure 19. The phos¬ 
phate content of the same juice was -0134 M. The average values 
for the other systems can be calculated from the data given 
(pp.260—261) and are — Malate *011 M; Oxalate -021 M; 
Bicarbonate *005 M. 



The Buffer Index curves for all four systems when i)resent 
in tlicsc concentrations arc given separately in figure UK IMios- 
])hates arc given for 0*2 changes of pH, the others an^ given for 
1*0 changes of pH so that the last three curves are somewhat 
flatteiK^rl as e()m])ared with the phosphate curve. This error 
of grouping ])revents an accurate analysis of the curv(^s, but it 
will be readily seen that, in the range of the curve for the juice 
(pH 5*5 to pH the malate and oxalate exert a very small 

degree of buffering. On the other hand, both ph<)Si)hate and 
bicarbonate rise as does the value for the juice and both pass 
nearly to zero at the left ends of the curves. Further, if the buff(M’ 
indexes of the systems known to be present are added together 
we get a curve which is similar to that for the juice, not only 
(qualitatively in form and position on the pH scale but within 
limits quantitatively. The figures are of the same order of magnitude 
but those of the ‘‘added buffers” are higher along the whole length. 
The difference, which is rather large around pH 5*5, diminishes 
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to about 40% around ])H (PO and to a])oui. 2% around [)H ()*<S. 
Considering the errors of grou])ing and the exporirniuiial (UTors 
with minute ])reei])itates and with small (|uantiti(^s of ‘d)as(^ 
added” the agreement is reasonably satisfactory. Tiie |)h()S|)had(i 
values and the phosjdiate curve can be taken as reasonably ac¬ 
curate. The [)hosp}iate system is, therefore, (tk'arly th(^ main 
buffer system in the stem juice of the broad Ix^an b(d.w(‘en f)H 5-5 
and ])H OaS. TJie divergence of the curve for the juice, from ih(‘- 
phosphate curve, cannot be accounted for by the e.arbonic-acid- 
bicarbonate system being present in the sample of d'al)l(‘. X in 
smaller than the average concentration obtained for ot.lu'r sa,mpl(\s 
of juice. The malate and oxalate systems would come inio op(u*a- 
tion to an increasing extent below {)H 0*0 and tb(‘- (‘-onc-entrat ion 
of those acids in the different sam])les was found lo vary; a, r<‘,- 
duetion of the malate and oxalate coneenirattons i.o on(‘-half 
of the values given would result in a very (‘lost'. agriHuncmi. (s(H‘- 
dotted lino in figure ID). It should now be obvious why siudi 
stress was laid in Chapter IX upon the recording of tlu^ (puinti- 
tativo data necessary for the calculation of Bufftn* lnd(^\ curvu^s. 
By the use of those curves the complexity is mad(‘ clear and 
comprehension of the jdienomcna follows naturally. 

The “iso-electric” form of this series of curv('s is discuss(‘d 
in Chapter XIX, and a better scheme for (piantital iv(‘ d(d(‘r- 
mination of organic acids is given in Appiuidix ll. 
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THE POTATO — (SOLANUM TUBEROSUBl) 
TISSUE REACTIONS AND BUFFERS 

T1k‘. tuber of the potato plant has entered as material into 
many investigations. 

Wa(JNKR (1910) records pH 5*9 for the extracted tuber 
juice, with a rise to pH 6*0 followed by a decrease to pH 5*7—5*3 
on infection with Bacillus phytophthorus. Weiss and Hakvev 
(1921) give H-electrodc data (residual pH values as usual) for 
quite a number of varieties, using expressed juice of tulx'rs. 
These values range from pH 0*()7 to pH ()*17 for normal plants 
and ])H 6*11 to pH 5*90 for plants infected with Bacillus tiimc- 
fad ms. 

Stoklasa (1924) gives ])H 7*0 for the })resscd juice of j)otato 
roots . Pearsall and Kwin(} (1924) give pH 5*4—5*0 for expressed 
juice, j)assing to pH 6*2 after filtration. Youdek and Denny 
(1920) give pH 0*10 for tuber juice and pH 0*41 for a water extract 
of the tissue. 

Herklots (11)24) records a valium betwc'tai pH 3 and pH 4 
for th(^ sid)(‘rin block of wound(*(l tulx'rs. Working on wound 
relictions, Herklo'PS ( ibid .) found tliat l)ufF(‘r('(l solutions or 
jelli(^s of j)H 4'2—7*0 w(‘r(‘ toxic to tlu' g(‘iH‘ral tissue, whih' j)H 
value's above pH 7*0 gave^ no killing of the tissue'. Alkalinity 
(from pH 7*5) was found to promote suberisation ami re'tard 
meristem activity; while acidity (down to pH 4*0) was found 
to promote meristem activity and to retard suberisation. Acetate'; 
buffers were exxceptionally toxic. 

Hamuel (1927), without giving actual figure's, states that a 
])H map of the potato tuber could readily be maeie out, the^ 
vascular circle and the tip being most acid. He used a micro- 
spear with solid cj[uinhydrone and the wound-effects of this 
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method would appear to bo coiiHidorablo, see. IjoIow under “’Wound 
Carbon Dioxide”. 

Considering the nicthods used, a hydrion coneontraiion in 
the range pH 5*6—(>‘2 seems indicated for the cxi)resHed tuber 
juice of potato, the variations being duo to variation in niani- 
pulation rather than to natural variations of the tissue in its 
living condition. 


1. TISSUE REACTIONS 

These have been investigated by the writer (.s*o/o). All dc^ter- 
niinations have been made, using the improved R. I.M. tech¬ 
nique, on the resting tuber (var. British Queen) and on tuixu’s 
sj)routed in pots during the winter in a heated greenhouse. Atj ueous 
indicator solutions (except BAN) maintained in an accurately 
balanced condition were used. 

a) MACROSCOPIC OBSERVATIONS 

When a clean tuber was cut across, the following imlicator 
colours were obtained on the freshly c\it surface — BTB yellow; 
BCP yellow becoming pale purple externally only; DER pink 
becoming yellow; MR pinkish orange becoming yellow. This 
flushing pink seemed to indicate the ])aHsiiig away of c.arhon 
dioxide. 

WouTid Carbon Dioxide, — The production of an evaiuwKMit 
excess of carbon dioxide over the normal cont-ent, wlnm 
the tuber tissue is injured, can be demonstrated easily by (1) floo¬ 
ding the freshly cut surface with DERorMR, (2) allowing ihe 
pink flush to pass away, and (3) drawing the hack of a ponknih^ 
hard across the now yellow surface. A livid rod streak appcNirs 
along each cut, indicating a pH <5*2 with MR. That this is (lu(‘ 
to a volatile acid is shown by the gradual disappearaiu‘e of <.h<'. 
rod colour and a return to yellow. Wound carbon (lioxid*^ is thus 
indicated, as increasing the [H'| of the fluid of the ctusIkmI tissiu^ 
to pH <6-2. 

Cutting and Injury, — An elegant (listin(?ti()n may Ix^ made 
between cutting ojion one layer of cells and injury by crushing, 
using BCP and DER. The cut surface flooded with DER becomes 
gradually yellow (pH >5*9), with BCP it becomes clearly pale 
purple on the surface (pH >6-2), but yellow immediately below 
the surface (pH <5*9). If now a razor edge be drawn very gently 
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aci’oHH the DKR yellow there is no change, no reddening; but 
similar treatment of the BOP pale purple surface gives a fine 
line of yellow, returning to pale purple within less than a minute. 
A deeper cut with the razor gives again a yellowing with BOP, 
but also a reddening with DER, 

The cutting open of one layer of cells allows sap (with COg) 
at pH 5-9 ca. to escape, yellowing the BOP but not reddening 
the DER. Injury, on the other hand, by a deeper out or a crushing 
of the cells, results in the production of wound carbon dioxide 
in such concentration that the reaction is swung below pH 5*2. 
The concentration of carbon dioxide required for this change 
is comparatively large, about 20—40%, see p. 289, but this 
is not much above the maximum intercellular carbon dioxide 
content found by Magness (p. 331). 

The Effect of Sectioning, — These observations would suggest 
that the effects of taking a section of living plant material are — 
(1) an evanescent wound reaction, giving wound carbon dioxide 
in quantity; (2) the passing away of the consequential increase 
in [H-] with a return of the living tissue apparently to normal; 
and (3) that, if a sharp razor be used with care to avoid crushing 
of the colls as distinct from sectioning, this wound reaction can 
1)0 taken as ])assing away within at most 2—5 minutes after the 
sectioning. (Consider, however, the effect produced by crushing 
the tissues to express the juice. The subsequent reaction might 
well vary from i)H <5*2 to pH 6*2 according to the degree to 
which th(i wound carbon dioxide was removed during the mani- 
])ulation of the juice. This crushing effect explains the variation 
from pH 5*4 initially to ])H 6*2 after filtration which was found 
by PbarsaiJj and Ewin(;. 

The effect of sectioning can be studied rnacroscopic^aJly, 
using transverse sections of the middle region of young shoots. 
Jf the sections be taken and placed immediately in aqueous 
diethyl red, the whole section becomes rosy pink. This pink in 
a minute or two passes away leaving the sections mainly yellow 
with a pink epidermal margin. The sections may be left for at 
least four hours in a watch glass of DER solution and still remain 
yellow. They also remain a general yellow if placed upon a glass 
slide and kept covered with DER solution; but if a cover-slip 
bo placed over the section a general pink colour appears all 
through the section within five or ten minutes, and the indicator 
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in tho immediate neighbourhood of the seclJon may also bo affeotiMl. 
Tho same aculificatioii on mounting a Hoction under a covor-ghiHM 
may he noted with BCP. 

Since this acidification is reversed, tho pink DEIl or yellow 
BOP reverting to yellow J)ER and pale purple B(^I^, when tho 
cover-glass is removed, it seems probable that we are hen^ (healing 
with tho normal carbon dioxide x)rodueti()n of respiring non¬ 
green cells, rather than with an injury effect. If the (*.over-slij) 
be pressed down on the section so that the lai.U'r is s(juash(‘d tlu^rc^ 
is, of course, injury accompanie<l by aeidific.ation which passes 
away but this acidification cannot bo rej)eated as it c.an with a 
non-injured section. 

These observations indicate that one effect of sc‘.(*.tioning 
may be to allow the respiratory carbon dioxide to diffuses away 
more readily than it docs in tho whole tissue, in which cast^ many 
of the H. T. M. records of A and a ranges may represcuii- e in lilu^ 
natural living tissue. In any case these observations demonst rate 
that respiratory carbon dioxide cannot be neglec^ted in a cTitieal 
consideration of tho internal j)H of living cells, especially those 
which have a sap reaction in the range ])H’ 5*6—()*2. 

b) MK^ROSOOPIO OBSERVATIONS 

Subject always to tho above-mentioned carbon dioxide, (‘rror 
of sectioning, the following records may be taken as mon^ crit i¬ 
cally near to the natural hydrion concentration than most, of 
the records yet published, since all the precautions, which have 
been shown to bo advisable, were j)ut into practice. 

TUBER 

Reserve Tissue. — A certain amount, of self-mdour, pink in 
the cells, was found in the outer cortex of the tulxu’. 'rh(‘ pan*n- 
chyinatous tissue gave reactions in<li(iating pH (i-2, but th(‘r<». 
seems litt le doubt that t he n^al internal pi I with Hit* normal 
intercellular carbon dioxide content, is at least, as low as j)!! 5*0. 
Left over-night in aqueous indicators this tissue shows pH t)'2 
in the contents and range a in tho walls very distinctly. 1'hes 
purple and yellow differentiation of contents and wall with 
BCP is quite striking. Tho lignified xylem walls throughout arc 
in range e. Tho phellogon is pH 5*9; tho normal cork cell-walls 
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are range c and the walls of suberised wound tissues are k. 
The tissues of the eye-bud in the resting tuber appear to be 
pH 5'9 also, with the exception of the acid apiculus, see 
below. 

Eye, — The very young eyes of early stages of sprouting 
show a small apiculus and a thicker portion of stem with numerous 
adventitious rootlets arising from the pericycle. The apiculus 
in longitudinal section shows a core of pH 5*9, surrounded and 
covered at its apex by a sheath of acid tissues (pH 5*2—4*8). 
Transverse sections near the apex show that all tissues except 
the vascular ring are in range e, including the pith. The xylem 
vessels have the usual acid walls. 

The thicker part of the eye stem shows the epidermis, sub- 
epidermis and parts of the outer cortex acid, pH 5*2—4*8; the 
xylem walls are acid as usual, and so are the lignified walls of 
the more or less isolated fibres which occur in both the external 
and internal phloem regions. 

The rootlets show a hollow core of pH 5*9, with all the 
outer tissues acid, O; The central xylem strand is also in 
range e. 

Older eyes or very young sprouts showed similar features, 
but with the eye stem 1—1*5 cms. long there is some variation 
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rootlets in these older ey(\s sliow boili (l(Tma-togen and 
eortcx pH 5*2—4*8 with the vascular <*ore at ])H 5*9, ex<^(‘pt 
for lh(‘ acid xylem walls. 
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SAP, CYTOPLASM AND WALL, PLASMOLYSIS AND 
MIGRO-DISSEOTION 

The walls where they can be stained indicate range a for 
parenchyma; lignified and siiberiaed walls are e normally and 
k for wound tissue. 

The cells with acid contents were further investigatod. The 
red coloured contents (with BER and MR) could be plasniolysod 
and deplasniolysed repeatedly with 0*5 molar sucrose solution. 
The wall could be seen yellow, as distinct from the acid contents. 
The acidity would, therefore, appear not to bo due to carbon 
dioxide. 

Using a pair of Chambers’ Micromanipulators, it was found 
that one cell at a time coidd be punctured, and on each occasion 
the red-dyed sap could be seen to escape as a small cloud of red 
colour into the yellow indicator solution where it quickly ({hanged 
colour and disappeared from view. At the same time the c.yto- 
j)lasm could be seen left in the punctured cell and it was always 
yellow. This differs from Sohabde’s findings with injured onion 
cells (see Chap. XVI), but it was confirmed repeatcully. In this 
case, therefore, the wall and contents have been separat(‘(l by 
plasmolysis, and the contents have been separated as saj) and 
cytoplasm by microdissection. We can say with some d(»gr(U‘ of 
certainty that the wall is in range a, the cytoplasm is of pH 5*0, 
and the sap is of f)H 5*2—4*8. 

STEM 

Throughout the aerial stem of young shoots 15 to 20 <*ms. 
long, all the tissues are yellow (acid) withBTB (pH <r)*2), and show 
the alkaline colours for BAN,BCG andBPB (pH >4*8). Diffc^nud ia- 
tion is obtained with BCP, but all the pale j)urple records ai’<' 
suspected of carbon dioxide error. Differentiation is also obtain(‘d 
with DER and MR; so that it is with these last two indieat-ors 
that we get the ap])arent differemees giving ranges a (piI 5*i)), 
b (pH 5*0—5*()), c (i)H 5-()) and e (i)H 5*2-4*S). 

Base of Stevn, — This part shows stem buds and rootlets, 
and the stem itself indicates thus: — 
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with 0 for the bast fibre walls in both outer and inner phloem. 
The rootlets are in range a, except the dermatogen (piliferous 
layer), outer cortex and central xylem strand which are in the 
range e. The outer cortex was very distinctly acid around the base 
and near the apex of the rootlets. The stem buds had all the 
tissues a, except the epidermis and sub-epidermis which were o. 
Clothing hairs were a. 

Middle, oj — This part of the young stem was distinctly 
less acid than the basal part. The epidermis was e, instead of o, 
the sub-opidormis and outer cortex were a instead of e, since the 
sections were all yellow with MR except for lignified walls in 
xylem and bast fibres. The clothing hairs were in range a, but 
the heads of the glandular hairs varied, being a when young 
but c when older. 

It was with this part of the young stem that the critical 
observations on respiratory carbon dioxide were made. Micro¬ 
scopic observations showed that the cambium in particular turned 
pink rapidly with DER, but all the other living cells changed 
colour also, when a cover-slip was used. The real natural pH of 
these tissues would, therefore, appear to be c (pH 5*6) or e (pH 
5-2—4*8) rather than the a (pH 5*9) obtained by observing sec¬ 
tions without a cover-slip. This reasoning would not apply to 
tlie hairs in the a range, nor to the epidermis when it was at e 
or i)osHibly also at <*. 

(■arbon dioxide content is clearly a master factor in deter¬ 
mining the natural pH of all the internal living tissues of the 
young potato stem in this middle region. Above and below the 
middle part organic acids may account for the more acid sa]) in 
some tissucss such as the ej)idcrmis, hyj)odermis and outer cortex. 

Top of A^teni. — The up])cr part of the aerial stem was very 
similar to the middle part, but the sub-epidermal layer and one 
or two layer sof the outer cortex were e instead of a. The c])i(lermis 
and other tissues were the same as for the middle. 

LEAF 

The ])etiolo showed the contents of epidermis and sub¬ 
epidermis in the e range, the usual acid walls for the xylem and 
the rest of the tissues at pH 5*9. The mesophyll, being dee}) 
gre(Mi, showed no clear indication, wliile the midrib (rachis) was 
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similar to the petiole. Self-colour was present in some non- 
chlorophyllous parts but not in all. 

SUBTERRANEAN PARTS 

Etiolated base of Aerial Stem. — This part of the stem showed 
a very distinct differentiation with DER. Again all tissues were 
in the range pH 5*9—4-8. The walls of the xylein v(vssels and of 
the numerous bast fibres of both outer and imu^r phloem gave 
bright reds with DER and MR (range e). The pith and pracd.i- 
cally all the cortex were in the range pH 5*9—5*5; all ycdlow with 
MR and BOP, varying from cell to coll with DER, but showing 
mostly yellow (pH 5*9 ca.). The epidermis, sul)-epid(U'mis and 
some of the outermost cells of the cortex were acud (pH 5*2—4*8), 
as in the base of the stem above ground. 

The most striking phenomenon, however, was i.h(^ v(n*y 
distinct pink with DER throughout the whole of tlu*. vascjular 
ring. Outer and inner phloem, xylcm parenchyma and (‘.ambiuni 
all gave clear pink with sections which had been washed in neutral 
water and immersed in DER solution. With MR then^ was again 
a decided pink throughout the vascular ring, but this pink faded 
fairly quickly and gave way to a yellow. Th(^ vascudar ring in 
fresh sections is, therefore, of pH 5*2—4*8, quite apart, from t-Iu' 
wall reactions of vessels and bast fibres which take ilu^ stain 
more deeply and persistently. The passing away of tJu^ pink 
with MR would indicate either an escape of (carbon dioxid(i or 
the presence of some other readily diffusing acid in a eoncemt- 
ration just sufficient to give pH <5*2. The pink with DER, 
although it persisted longer than that wit.h MR, did j)aHs a.way 
within about two hours, the red colour of t.he epidermis(*ont(‘nts 
and lignified walls persisting for at least twelve hours. 

This evidence would indicate that th<i epid(‘rma.l acidity 
is due to organic acid which does not diffuse^ very r(‘adily, whil<‘ 
the acidity of the internal tissues is mainly due to carbon dioxid<‘. 

RHIZOME 

Very young tuber-producing stem bran(*hes sIiowcmI rang<‘ e 
in contents of epidermis, sub-e])idermis and the outermost, eort ical 
cells. Most of the cortex and all the ])ith was of ])Ii 5*9. 'riu^ 
living cells of the vascular ring, including the cambium, w(‘r(‘ 
pH 5*(5, the xylem walls and fibre walls w(U’e e. 
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The older tuber-producing stem branches closely resembled 
the etiolated base of the aerial stem, but the vascular ring was in 
range d (pH 5-()—4-8) rather than e, since the pink with MR was 
not very definite and at best it was distinctly fugitive. The actual 
reaction is i)ossibly between pH 5-2 and pH 5*6. The cortex and 
l)ith again varied from cell to cell but showed almost as many 
cells at ])H .5*6 as at pH 5*9. 

ROOT 

The central xylem strand showed o, with xylem parenchyma 
and j)hlooni at ])H 5*0 and the layer between (cambium in part) 
at ])H 5*9. The cortex was at pH 5*9 and the piliferous layer at 
pH 5*6. 

c) SUMMARY 

These observations indicate that in Solanum tuberosum — 

1. The outer layer, epidermis or piliferous layer, together with 
one or more of the adjacent layers, has an acid sap, some¬ 
times pH 5*2—4*8, but rising in the upper parts of the aerial 
stem and in the older rootlets to pH 5*6. This acid (e) layer is 
the whole de])th of the cortex in the young tips of roots and 
in the aj)iculus of the young eye shoot. 

2. The (cytoplasm is, when seen separated, at pH 5*9. 

3. The reac.tion of the lignified and suberised walls is in range e, 
or for wound suberin range k. The cellulose walls may be in 
range a. 

4. The actual ])H of the other tissues lies within the range pH 5*9 
—4*8, and appears to be dominated almost entirely within 
that range by the (larbon dioxide content of the cells and intor- 
exdlular spa<ies. llie cortex and ])ith are frequently of ])H 5*9 
in free sections, but this is sliowa to be subject to a carbon 
dioxide error, and the real value in the living cortex and ])ith 
throughout (with the exee[)tion of the very young root and the 
apiculus of the eye) is suggested as i^H 5*6. The reaction of 
the vascular ring in aerial parts of the plant would appear 
on the same evidence to be also pH 5*6, but in the etiolated 
subterranean i)arts of the stem the natural reaction would 
ap])ear to be slightly below pH 5*2. 

5. Acidity in the tissues of the potato seems to be caused by 
(a) wall acids, (b) organic acids in the sap of outer tissues, 
and (c) carbon dioxide in the internal tissues. 

Prutnplabtmu-Munograpliiuii II: Small 
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2, BUFFERS 

The buffer capacity of tuber and leaf, and the buffer HyHterns 
present in the potato tuber were reported upon by 0. T. In(K)LI) 
(1929) as follows. “ 

The present work was undertaken to dei.erinine the extent 
of the buffer action in the potato {Solanum tuberosum.) and thc^ 
nature of the buffering systems. 

BUFFER INDEX 

In the previous work on buffering in this series the degnv 
of buffering of the sap is measured by the eoiu^entration of in¬ 
organic phosphate necessary to give the same degree of buffciring. 
While this method was particularly useful in d(^aling witli tlu^ 
case of Sunflower, it does not give a generally xiseful nieasuro of 
buffer capacity since the titration curve of phosphoric acid with 
alkali is not a straight lino but a series of more or less flat ])arts 
connected by much steeper portions. 

As a measure of the buffer capacity the “Buffer Index** 
of VAN Slyke was taken. This is defined [see Kolthokk (1922), 
p. 24] as 

^ dpH 

where p is the Buffer Index and B is the a(ud or alkali add(‘d. 
In this paper the equation is used in the form 

Number of gram equivalents of acid or alkali added in 

one litre of solution to produce a ccrlain shift in j)H 
the shift in pH jmxliiced 

In stating p the range must also bo given, since^ p for a. pa.rti- 
cular solution varies over the pH scale. Tlie Buffeu* Ind(‘x is 
really a standard way of expressing the degnx*! of slojx^ in i.lu^ 
titration curve. 

To obtain the buffer-index curve it is first rux^essary to <* 011 - 
struct a titration curve. These curves in tliis work wort' obtaimxl 
by titrating the sap or other solution with acid (H(1) aiid alkali 
(NaOH), the pH determinations being made by means of a B. D.H. 
Capillator. Using the indicators PR., BTB., BOP., MR., BC(i. 
and BPB. titrations could be carried out between the })oint.s 
pH 3’2 and pH 7*6. The colour of the sap did not intei*fere 
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with the capillator determinations. The experimental error 
in determining the pH was roughly iO‘1. 

Once the titration curve is obtained the buffer indices can 
be calculated between pH 4 and 6, pH 6 and 6, and pH 6 and 7. 
In a particular case in which portions of sap, each of 5 ccs, were 
titrated with 0*05 N HCl and 0*05 N NaOH the titration curve 
showed that the amount of acid or alkali required to shift the 
reaction from pH 4 to pH 5 was 2*9 ccs, from pH 5 to pH 6 1*4 ccs 
and from pH 6 to pH 7 0*95 ccs. 

To work out the buffer index between pH 4 and 5 there are 
the data: 

2*9 CCS of 0*05 N acid required to shift the reaction of 5 ccs 
from pH 5 to pH 4. 

Then the Buffer Index, 

Number of gram equivalents of acid 

0 05 X 2*9 ^ 1000 required to be added to 1000 ccs sap 
1000 5 to shift reaction from pH 4 to 5 

1 the shift in pH 

= 0*029. 


Similarly for the ranges ])H 5 to 0 and pH 6 to 7 buffer indices 
are respectively 0*014 and 0*0095. 

Hurd-Karrek (192S) in a recent paper uses the reciprocal 

of the buffer index^?^^^5-, but it appears to the writer, his colleagues 

dB 

and most other workers on buffer capacity that such results are 
much more clearly ])resented when put in the form of a Buffer 
Index (Jiirve with ])H ranges as abscissae and values as ordi¬ 
nates. 


EXTRA(;ri()N OF THF SAP 

Peeled tubers of the variety ,,British Queen" were ust‘d 
throughout the work except where otherwise stated. 

The sap used for the experiments was obtained by squeezing 
the tissue in a specially devised press. The crude sap was cleared 
by filtration through a layer of asbestos on a Buchner funnel. 
The asbestos pad was washed with distilled water l)efore passing 
the sap through. The liquid thus obtained was free from visible 
suspended matter but was of a bright brown colour due to an 
oxidase reaction in the sap. 


IS* 



276 


CHAPTER XIV 


It might be mentioned in passing that the buffer indices 
obtained may conceivably vary with the manner in which the 
sap is extracted. Thus Dixon and Atkins (1913) found that the 
solute content of the first pressings from plant tissues was consi¬ 
derably lower than in later pressings. Again Hoaoland and 
Davis (1923) compared the sap obtained from Nitella (a) by 
breaking the cells and collecting the sap which oozed out and (b) 
by squeezing out the sap in a screw press, andfiltering the resulting 



fluid. They found that the electrical conductivity of tho sap 
collected by breaking the individual colls and pouring oui. the 
contents was 50% greater than tho conductivity of i\w. (ex¬ 
pressed sap. 


THE BUFFER INDEX CURVE 
Figure 20 gives the buffer-index curve of the saj) of tlu% 
tubers. This is an average of determinations whicdi are giv(ui in 
detail in the following table. 
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Table I 


Buffer mdices of samples of "'seed'’ tubers 


Sample 

pH range 


pH 4 to 6 

pH 5 to 6 

pH 6 to 7 

A 

0-034 

0-009 

0-008 

B 

0-0212 

0-010 

0-0075 

C 

0-025 

0-0084 

0-0070 

D 

0-029 

0-014 

0-009 

E 

0-021 

0-011 

0-008 

Average 

0-026 

0-0105 

0-0079 


It may be Hecn from this table that there is considerable 
variation in the buffer indices of the sap from sample to sample 
but that in each case the general form of the curve is maintained, 
i, e. the buffer index rises with decreasing pH. In figure 20 the 
buffer index curve of the sap of the leaflets of the mature potato 
plant is given and also the curve for the sap of Sunflower hypo- 
ootyl. 

An inspection of this figure shows clearly that the sap of 
the tuber is much more strongly buffered than the sap of the 
leaflets but that the general form of the curve is the same. 

Martin (see Chap XII) has shown that in the region pH 
5*()—6-8 the sap of the Sunflower is ])uffcred solely by the in¬ 
organic ])hosphato present. Experiments were accordingly carried 
out to see whether the same was true of the i)otato tuber wsap. 

THE imROAmV, PHOSPHATE BUFFER 

A casual examination of the buffer-index curve shows ([uito 
clearly that phosphates cannot be the only buffer system present. 
The buffer index curve of inorganic jduwphate falls from pH 6—7 
to pH 4—5. In contrast to this the buffer-index curve of potat(j 
sap rises steadily from pH 6—7 to pH 4—5. 

The inorganic phosphate in the sap was estimated using 
Embden’s technique as used by Martin (see Appendix I). 

Table II gives the results of phosphate analysis and buffer 
index determinations between pH 6 and pH 7. Beside the buffer 
indices of the sap are placed the buffer indices of the inorganic 
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Table n 


Number of 
experiment 

1 

pH 
of sap 

Buffer index of 
sap hetwwn 
pH () an<l pH 7 

Buffer index of 
inorganic phos¬ 
phate 7)row‘ni in 
sap in ranges 
pH 0 to pH 7 

Molar eon(*<‘n- 
iration of in¬ 
organ phos- 
phat<^ in t he sap 

1 

6-2 

— - — i 

U-()()(t2 

()'(M)28 

0*0058 

H 

5-8 

()-0190 

00030 

0*0()<)3 

III 

5-8 

0*0085 

0*0020 

0*0055 

IV 

(i-0 

00055 

()*()0I8 

0*0037 

V 

5*7 

()*0080 

0*0033 

0*0()<){) 

VI 

5-9 

0*00«0 

0*0019 

0*0039 

Average 

6*9 

0*0075 

0*0025 

0*0053 

VII 

5*9 

0-0()80 

0*0024 

0*0050 


phosphate present calculated from the titration tahU' of |)hosphate 
given by Clark (1028). 

For the first six dot(3rminati<)iiH (I i-o VI) the saj) in viwh 
oxi)erimeiit was obtained from a single tuber. For tlu^ Iasi. d<d<‘r- 
mination (VII) the sap was a mixed sample obtained from six 
tubers. The values for this sample agree closely with the av(‘ra.g(‘s 
of the values for the single tubers. 

Those results show that there is a eonsiderabh^ variation 
from tuber to tuber both in inorganic. pliosphat.(‘. contiuit aiul in 
buffer index between ])H b and pH 7. 

It is further clear that the inorganic j)hosphat.e pr(*s(‘nt. do(*s 
not account for all the buffering betw'ocn pH (> an<l pH 7. In 
fact on the average it accounts for only 30% of the buffer ind(‘x. 

This value can be compared with the other exam])Ies which 
have been worked out for ap 2 >roximately the same rangt' of pH. 
In Sunflower, hypocotyl, stem and root, inorgani(i |)hospha.t.(‘s 
represent 100% of the buffer index, in NHc/la about. 00%, in 
Broad Bead stem 50—90%, in Broad Bean root t)0-S0‘;;,. 

In the j)otato sap inorganic j)hosphat<\s account, for still 
less of the buffering as more acid regions are reached. I'hus in t.lu^ 
particular case given in figure 21 (boiled and filtered sap) l)etw(*<'n 
pH 6 and pH 7 inorganic phosi^hate accounts for 37% of ili(3 
buffering, betw’^een pH 5 and pH 0 for 8% and IxdAveeii pH 4 
and 2>H 5 for less than 1 %. 
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THE CITRATE BUFFER 

Tho shape of the buffer-index curve of the sap suggested 
that some buffer should be looked for which has an increasingly 
stronger effect from pH 6—7 to pH 4—5. Organic acids in general 
show this feature. The maximum buffering occurs at a hydrogen 
ion concentration numerically equal to the dissociation constant 
of the acid. For oxalic acid it is (second step), for citric 

acid 10^4*3 (second step), and (third step), for malic 

(first step) and 10—S‘O (second step) and for succinic 10—^2 (first 
step) and 10—*'2 (second step). 

8ince citric acid and citrate have been recorded as important 
constituents of potato juice (Tibblbs), tho next stage in the 
investigation was a determination of tho buffer action of the 
citrate present. 

A largo volume of sap was obtained, boiled, filtered and made 
up to tho original volume with distilled water. This was divided 
into throe portions. One part was used for buffer index deter¬ 
minations, another for phosjAate analysis and the third for 
citrate analysis. 

The buffer indices of the boiled sap wore: 

pH range . . . 4—5 5—(> 6—7 

Buffer index . . 0-026 0*0095 0-0062 

The concentration of inorganic phosphate in tho sap was 
()-0()49 molar and the buffer indices for this arc: 

pH range . . . 4—5 5—6 6—7 

Buffer index. .0*000161 0*000741 0*00232 

The method of citrate analysis used was tliat described by 
Prin(JSHKIM ( 1910 ): 261 cos of boiled saj) were used for this 
determination. 

To this sa]) excess of lead acetate (20solution) was add(‘d 
and the volume of the whole resulting solution doubled by adding 
alcohol (90%). This was shaken and left overnight. A voluminous 
grey precipitate was formed. This precipitate was collected, 
mixed with distilled water, shaken with an equal volume of 
alcohol, and again filtered and washed with 50% alcohol. The 
l)rccipitate was then mixed with distilled water and decomposed 

1) Calculated from PriukALTX’s curve [Bayliss (1924), p. 20oJ. 

2) Calculated from CLARK [(1922), p. 107J. 
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by pasHing a stream of EgS through the lioai(‘<l liquid. There 
resulted a black precipitate of \tm\ sulphide. This was filt<>ire<l 
off. The filtrate was concentrated and neutralised with KOH. 
Then double the volume of alcohol was added and tlu^ whoh^, 
was shaken and loft over for a few days. The white pn^e.ipitatc^ 
which separated out contained some of the phosphates and sul¬ 
phates. This precipitate was filtt’ired off and the fiH.rai.e ( 1 S()<^(^s) 

was mixed with 10 ccs of 30% acetic acid. Any tartrate pr<*s(mt 
shoukl separate out at this stage as acid ])otassiutti tartrate. A 
very slight precipitate did form. This was filten^d off and t.he 
filtrate was heated until all the alcohol was drivem off. The 
solution was then acidified with H(>1 an<l extracited with (dher. 
The watery solution left over from the ether (%xi.ra<d.ion was neu¬ 
tralised with NaOH. BaOlg (10% sohition) was tlum add(Ml 
giving a heavy white ])recipitate. The preci])itat('. was filt.(Ted 
off and alcohol was added to the filtrate in th(^ proportions 72 
parts of solution to 28 ])arts of alcohol. A voluniinous wlul(*. 
precipitate formed on the addition of the alcohol. This is a. pn^ci- 
pitate of barium citrate which is sparingly soluble in wat(T hut 
insoluble in 28% alcohol. This was filtered off and waslu^d with 
28 % alcohol. The precipitate was then mixed with watcT a.nd a 
few drops of nitric acid added to aid the solution of t-ln'i pn»(d- 
pitato. Dilute >12804 was then added giving a whii<‘ pn»(^ipit.ai(‘. 
of barium sulphate. This was filter(‘d off, dried and w(‘igh(Ml. 
It was found to weigh 0*525 grams. Now (vic.li gram of this pn‘(*i- 
pitate is equivalent to 0*548 grams of wat(»r-free (ut.i*i<i acid. 

From these data it can be (*.alculated that t he (dt nit<^ is pnvscuit 
in the saj) in 0*0057 molar concentration. 

The buffer indices of 0*0057 molar citrate arc: 
pH range . . . 4—5 5—(> 0—7 

Buffer index . . 0*0047 0*0037 ()*()401 

These value.s arc calculated from the citrate buffer tabhvs 
given by Clakk [(1922), p, 113—1I4|. 

In this particular case the citrate present acciounUHl for 22*5 % 
of the buffering between j)B 6 and ])H 7, 39% of the buffer iiuU^x 
between pH 5 and 6 and 19% between pH 4 and pH 5. 

Taken together phosphate and citrate in this case account 
for 60 % of the buffer index between pH 0 and pH 7, 47 % between 
pH 5 and pH 6 and 19% between pH 4 and pH 5. The buffer 
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indices of phosphate plus citrate obtained by adding together 
the indices for phosphate and citrate taken separately were: 

pH range. 4—5 6—6 6—7 

Buffer index of phosphate plus citrate 0*0049 0*0044 0*0037 

Buffer index of sap. 0*026 0*0095 0*0062 



Tt is intcTcsting to note that the resultant buffer-index curve 
of j)h()K])hate plus citrate is almost a horizontal line from j>H 4—5 
to ])H 6—7. As ])h()sphatc buffering dies out citrate buffering 
conu^s in and vice versa. 

The relations of ])}K)sphate and citrate buffi*ring in the sap 
arc shown in figure 21. It is quite clear from an inspection of 
this figure that some important buffer other than citrate must 
1)0 operating between pH 4—5 and pH 5—6. It was thought 
that such a buffer might be found among the ether soluble organic 
acids in the sajD. Citric acid is insoluble in ether. 

THE ETHER SOLUBLE BUFFER 
In this experiment a portion of a sample of sap was taken 
and the buffer index curve (fresh filtered sap curve) was found. 
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The remainder of the sample was then boiled, filtered and made 
up to the original volume with distilled water. 20 ces of this 
wore used for buffer index doterminationB (boiled saj) curve). The 
titration was as follows: 


Table III 

Titration of hoiled mp 


Volume of sample titraknl 

(*.ch 0*05N IKtl or NaOH added 

R(*Hulting pH 

10 CCJB 

_ 

«•» «-i 

10 „ 

1-0 ees NaOH 

0*7 

10 

1*11 t* >» 

7*1 ■7-2 

10 OOH 

l-o'wH H(!l 

rrd 

10 „ 

2*0 „ „ 

5-2 

10 „ 

3*0 „ „ 

4-7 

10 

n-o „ „ 

4-2 

10 „ 

7*0 



For ether extraction 10 cos of the boiled sap W(T(^ uH(‘d. 
This sap was first acidified with H(U, filtered a slight 

precipitate had formed) and concentrated to about rxu^s. This 
was then extracted with ether making three* shakings a.nd in 
each case using 100 ocs or more of the ether. In earrying out. th(^ 
extraction vigorous shaking was eontiiiued for s(*v(*ra.l hours. 
The ether was then evaporated and the nwidiu* dissolvcMi in 10 (*es 
distilled water. The reaction of this solut ion was k'ss t.han pi I 2*S. 
The titration of this solution with alkali is giv(*.n in ih<‘. following 
tal)lc. 

Table IV 

Titration of ethe,r axiract from lOcoti of hoi. led ftap 


eoH 0-()r>N NaOH iwlded 

H(‘Hultiiig 

2*0 (*.es 

:{•() 

30 „ 

20 

4-0 „ 

4-2 

S-0 „ 

4-0 

0-0 „ 

5-1 

6-5 „ 

r)-r) 

7*0 

(>•1 
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Tho watery solution remaining over after extraction of the 
sap sample with ether was then titrated with alkali. The titration 
of this is given in the following tabl^. 


Table V 


Titration of solution left behind from ether extraction of 10 cos 

of boiled sap 


Alkali added 


Resulting pH 


10 CCS 0-18 N NaOH 



3-5 

10 „ 018 „ 

»» 

1-0 cos 0-05 N NaOH 

3-9 

10 „ 0-18 

9 » 

2*0 „ 0-05 „ 

>* 

4-6 

10 „ 0-18 „ 

a 

3-0 „ 0 05 „ 

99 

5-7 

10 „ 0-18 „ 

99 

3-6 „ 0 05 „ 

99 

6-3 

10 „ 018 „ 

99 

4-0 „ 0-05 „ 

99 

7-0 


By constructing the titration curves from the tables given 
above tho buffer indices were found. The buffer indices for the 
boiled sap aid the other soluble and ether insoluble parts are 
given in table VI. As will be obvious from an inspection of table IV 
the sudden rise from pH 6*1 to >8’0 in the titration renders the 
buffer index of the ether soluble part between pH 6 and pH 7 
somewhat uncertain. 


Table VI 


pll rango 

Buffer index 

j Boil(*(l Slip 

Eth(‘r .solubl(‘ j 

Huhstanc<‘s 

Ether insolulile 
substanec‘s 

4-5 

1 

[ ()()220 

00105 

o-ooon 

5—() 

O-OlOO 

0-0055 

()()()42 

()— 7 

o-oo«o 

? 0 ()()30 

0-003S 


Tho results of this experiment are shown graphically in fi¬ 
gure 22. 

It is clear that the ether soluble substances in the acidified sap 
represent important buffers, in fact the principal buffer substances 
in the acid region pH 4—5. The more or less horizontal line of 
the buffer index curve of the ether insoluble part probably corre- 
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spends to the oitrato-phosphato curvo to whitdi n'feronco has 
already been made (sec figure 21). 

The other extract was deeidcxlly acid, being below pH 2*8. 
This suggests the presence of organic acids. Qualitjitive t<fst8 
did, in fact, reveal the j)resence of oxalic acid in t.he extract^), 

BUb'FKRINd DUK TO ASI’AllAOIN 
Asparagin is the priiKsipal amino compound in the potato 
tuber. It is jjiesent to the extont of 0-lJ% in the tuber [Milkov 
(1921), p. 96J. 



A 1 % solution of asj)aragin was made uj) and Ihe bufb'r 
indices determined. Tliey arc given in the following table. 


Table VI1 


pH raiigo. 

4 -5 

T) () 

«) 7 

Hiiffor iiidiix of 1% aspara^'in 


()’()<)03 

()-o(ii:i 

Buffer index of 0 3% asparagin 

0(K)024 

OOOOOO 

()()002!) 

Buffer index of sap. 

()-(K)2» 

O-OlOf) 

u-007t) 


1) This and other possibilities arc now being iuvcHtigat('<l and will 
bo reported upon later. 
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It is clear from this table that between pH 4—^5 and pH 
5—6 0*3 % asparagin present in the sap would account for less 
than 1 % of the buffer index. In the region pH 6—7 such a con¬ 
centration of asparagin would account for 5 % of the buffering. 
The state of affairs is shown graphically in figure 23. 



Fig. 23 

BUFFERING DUE TO TUBERIN 


Cohn, Gross and Johnson (1919) investigated the tuberin 
of ])otato juice. From their experiments they concluded that the 
tuberin was a very important buffer in the juice. 

Commenting on the titration curve of the potato sap they say: 
“The strong buffer action, indicated by the steepness of the 
titration curve throughout the range investigated cannot be 
attributed merely to the presence of phosphoric acid nor to the 
other organic or inorganic weak acids which chemical analysis 
reveal. The increase in the steepness of the titration curve in tlie 
range acid to pH 4*5 on the one hand and alkaline to pH 8*5 on 
the other, is largely due to the dissociation of the protein com¬ 
pounds that exist in the potato and their recombination with 
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strong acids and bases with the retention of the hydrogc'.n and 
hydroxyl ionH“. 

On boiling potato saj) a precipitate (Jonsisting probably of 
denatured protein sej)arateH out. The weight of this prenupitato 
was determined and the results are given in ta])lo V'lII. 


Table VTH 


Volume of sap 

Dry weight of the pr(‘cipitnt<‘ 

IOxpr<^HHe<l as 

sample j 

obtained on boiling the sap 

f)ere(»Mtag(» 

CCS 

gms 

<>/ 

/O 

83 

0-348 

0-42 

124 

0-412 

0-33 

101 

0-505 

0-50 

53 

0-I«0 

0-30 


The heat coaguliim wJfien filtered off left a (tlear solution 
from which no precipitate separated out on addition of tri-chlor- 
aoetic acid. In another experiment the [)recipit.aie obtained by 
adding tri-chlor-acotic acid to 12’5 ccs of fresh filt(^red sap weighed 
on drying, 0*020 gms corresponding to a protein content, of ()• I (> %. 

Cohn [sec Osbobne (1924)] gives a titration eurv(* for t uberin 
from which it is possible to calculate the buffer indi<‘es. Tluss<‘ 
are given in the following table side by side with tin* bufftT indie<\s 
of potato saj). 

That the substances precipitated on boiling th(‘ sap hav(‘. 
little or no infliionct^ on the buffer action is also shown by a eoiti- 
parison of fresh sap with boiled and filtered sap. 


Table IX 


pH range 

liuffer index of 1% tuberin solution 
(■aloulated from (Noun's <'urve 

Ibiffer iiul(‘\ 
of potato sap 

3-4 



4—5 

0-00 n 

0()2() 

5-0 

()- 000 (> 

0*0105 

5—7 

0-0008 

0*0()70 

7—8 

0-0011 

■ 

1 


In these exiierimcnts each sap sain])le was divided into two 
parts. One was titrated with acid and alkali and the other was 




THE POTATO (SOLAISTUM TUBEROSUM) 


287 


boiled, filtered, made up to original volume with distilled water 
and then titrated. In this way for each sample the buffer indices 
of the boiled and the fresh sap were obtained. The results for 
four samples are given in table X. 

Table X 


Buffer indices of sap of young tubers 


pH range 

Sap sample 

Unboiled 

Boiled 

Difference 


A 



—0*002 


B 



±0 

4—6 

C 



—0*003 


D 



+0*006 


A 

0016 

0*0145 

—0*0016 


B 

00146 

0*013 

—0*0016 

6—6 

C 

0*017 

0*019 

+0*002 


D 

0*021 

0*014 

—0*007 


A 

0*0107 

0*010 

—0-0007 


B 

0*0090 

0 0076 

—0-0015 

6—7 

0 

0*008 

0*009 

4-0-001 


1) 

0*010 

0*01 

±0 


It is clear that there is no constant difference between the 
two sets of readings in any pH range considered. The conclusion 
is that tuberin, or at any rate that part coagulated by heat, has 
very little effect in buffering the sap. 

Hukd-Karrbr (1927) working with Wheat sap came to the 
same conclusion namely that the protein present had a negligible 
effect in buffering the juice. 

Altliongh ])r<)toiu is unimportant in buffering the sap it may 
bo a much more important factor in the buffering of the cyto- 
])lasm. About 2% of tlie whole tuber is protein so that the ])er- 
centage in the actual cytoplasm is probably much higher than 
this (at least 5—10%). By referring to table IX it may be seen 
that such a concentration of protein would give a quite consi¬ 
derable buffer effect. 

The buffer index curve of 0*5% tuberin is given in figure 23. 
This percentage in the juice W'ould account for less than 1 % of 
the buffer indices between pH 4—5 and pH 5—6 and only 5 % 
between pH 6—7. 
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VARIETAL VARIATION 

A few experiments were carried out to see whether the 
buffer indices varied from variety to variety. Hincie the variability 
in a single variety is so great it is imj)OHHiblo to draw (Jonclusions 
from such a few observations. These few observations, however, 
indicate very considerable variation among the varieties. 

Five “seed” tubers of each variety w<%ro taken and the sa]) 
extracted in the usual way. The buffer index <l(%terininatioiiH 
were made on the boiled and filtered sap made uj) to ihe^ original 
volume with distilled water. The results are given in table XI. 


Table XI 


Variety 

pH 4—5 

Buffer index 

pll 5 0 

pH 0-7 

King Edward VII. 

0-01(50 

O'OOf)? 

u*()or»2 

The Ally. 

00111 

()()()4:J 

o()o:n 

Up to Date.. 

0-0130 

()-o(mr> 

imm 

Arran Chief. 

0-0157 

()*() 08 r> 


Arran Comrade. 

0-0200 

O-OOOl 

O-OOf)!) 

British Queen. 

0-0250 

o-oouo 

0-0072 


THE INTERACTION OF THE BUFFER KYMTEMS 


It might be questioned whether one is justified in assuming 
that in a given range of pH the buffer ind(^x of tht^ sap is (Mjual 
to the sum of the buffer indices of the scjparak^ buffer sysUuns 
present. 

This point was tested in an artificial bufh^r solution made 
up to contain citrate, oxalate, phosphate and asparagiii. Other 
solutions were made up containing the single bufhu’ sysUuns in 
the same concentration as in the mixture. Tlu^ bufhu’ indi(u‘s 
in the various pH ranges were then determined for tlie inixtun^ 
and for each of the separate solutions. The results are* sumniaris(‘d 
in table XII. 

It is clear that in the main the buffer indices of tlu^ mixt.ure 
are equal to the sums of the buffer indices of the separate buffer 
solutions in each pH range. The differences between the sum of 
the indices of the single buffers and the indices of the mixture 
are all in the same sense. They may, in part, bo tine to experimen¬ 
tal error, but the results of chemical interaction bciw(%en tlu' 
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Table XII 


Buffer solution 

pH range 

4—6 

6—6 

6—7 

Uitrate. 

<»-0070 

0-0073 

0-0041 

Oxalate. 

0-0042 

0-0010 

0-0003 

Phosphate. 

0-0008 

0-0013 

0-0063 

Asparagin. 

0-0008 

00003 

0-0013 

Sum. 

0-0128 



Mixture. 

0-0113 

OOOSK) 

0-0090 


biifforing Hu])stancoH arc not entirely eliminated as a possibility. 
This work is being continuetl.^) 


CARBON DIOXIDE EFFECTS 
Ex[)eriments were carried out to determine the effect on the 
tuber sap of various concentrations of carbon dioxide. The 
method used was essentially the same as that described by Martin 
and is described in (<ha])ter XVII. The results of a typical ex- 
periuuuit are given in table XII1. 


Table XII[ 


% COj . . 

l| 0 1 

1 10 1 

20 

30 

no 1 70 1 80 1 100 

Sap |)Ii. . 

11 

1 6-5 

1 6-3 -r>-4. 

6-3 

n-i 1 f)-l 1 5-0 1 4 0 


This table shows that the sa]) in e(iuilil)riuin with 20 CO., 
is actually changed in reaction from ])H. 5*7 to pH 5*4—5*3 an<i 
this concentration (20%) has been recorded by Macjness (1020) 
for the (K)a in the intercellular spaces of the tuber. A comparison 
of this table witli similar tables given by Martin for the Sun¬ 
flower sap and for Broad Bean sa]) shows that (^02 has a much 
lower power of changing the pH of the potato sap than it lias 
in rediuung the ])H of the Sunflower sap but has much the same 
action on both j)otato sap and Broad Bean sap. The difference 

1) Further inv(‘Htigation, using a qiiiiihydrone electrode, shows an 
accurate additive effect and the differences found in the above huff(*r 
conif)lex compared with the sum of separate buffer bysteius disappears. 

Protoplasma-Monogmphiea il; Small 
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between the action of OOg on Hunflowor hypociotyl Hai> and on 
potato tuber sap is (torrolatod with tlie (liff(‘r(Mi<5(‘ in th(‘ hufforing 
of these two saps. 

SUMMARY 

The use of the “Buffer Index”, , to express buffer <^a. 

dpH 

paeity is discussed. 

The l)uffer index of the i)otato tuber sap in(U'(»as<‘s from an 
average value of 0'()079 ])etwe(‘n [)Il ()—7 to 0*0105 lud-wcHm 
pH 5—() and ()*02() between pH 4—5. 

The sap of the tuber is much more strongly biiff(‘r(‘d than 
that of the leaflets. The buffer index curve of the leafUd. and of 
Sunflower hypocotyl sap are very similar. 

Inorganic phos])hates in the sap a(*.(u)unt. on tint av(u*a.g(^ for 
30% of the buffer index between pH 0—7. In tlu^ range pH 5 -(> 
they account for about S% and in the range pH 4- -5 for less 
than 1 %. 

In a particular case citrate in the boiled and filt.(‘r<sl sap 
accounted for 22*5% of the ])uffer index between pH 4 and 5, 
39% in the range ])H 5—0 and 19% betwcsm pH 4 and 5. 

In this sap sample citrate and ])hosphate togid.Iuu* ae(*()unt(sl 
for 00% of the buffer index in the range pH 0 --7, 47”;, in th(‘ 
range pH 5—0 and 19% in the range pH 4 5. 

Substances in the acidified sap sobibh* in (‘tluu- are shown 
to be important buffers especially in the mor(‘ acid n'gions (pH 
4—5 and pH 5—0) where they account for at hsist 50”;, of tlu^ 
buffer index. 

Asj)aragin and tuberin appear to have a n('gligibl(‘ <‘ff(‘et in 
buffering the sap between pH 4 an<l pH 7. 

The buffer index curve of the tuber sa|) s(‘ems to vary gnsitly 
from variety to variety. 

The interaction of the buffer systems is briefly eonsid<‘n*d. 

In ecpiilihrium with different pereenla.g(‘s of (H).^ th(» pH of 
the sap varies. In 20% (K)g, in a particular case, th(‘ |)H of tlu^ 
sap was reduced from ])H 5*7 to ])H 5*3—5*4. 

3. ADDENDUM 

Further investigation of the buffer (umiplex of potato tulxu* 
juice by 0. T. Inuold has yielded tlie following data. 
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Buffer Complex 


( Inorganic phosphate. 0*0053 M 

Important Systems < Citrate. 0*0057 M 

' Malate. 0*00505 M 

{ Oxalate. 0*0008 M 

Asparagin.0*3% 

Tuberin.0*5% 


Relatio7i to pH 


pH range 

4—5 

5—G 

5—7 

ji for Sap. 


•0105 

•0079 

/> for known Ihiffor Complex. 

•00}>2 

•0008 

•0049 


Tlio known buffer oomplcx, therefore, accounts for 35% 
between ])H 4 and 5, G4 % between x)H 5 and (>, and C2 % between 
j)H G and 7. Succinic and tartaric acids were not identified in 
the juice. Treatment of the filtered juice with concentrated 
tartaric acid gave no evolution of carbon dioxide, so that the 
biearbonate-carbonie acid syst<un is apparently absent from the 
filter(‘d juice. 


1 <)* 

















(1HAFTKR XV 


SUCCULBlSfTS - REACTIONS AND BUFFERS 

Succulent plants, with their peculiar niotaholisin and diurnal 
variations, have been the Huhjeet of much work (h(H‘. Chapter XI). 
Asteuo (1903) made an exteiiHive investigation of the diurnal 
variations in titratableacids,cp. (Iustafsok and also Lynn p. 127 
Hempbl’s classic work (1917) gives a large collection of data. 
Her method was as follows — leaves were taken, weiglu^d, and 
their cell-sap extracted by pounding in a j)orcelain mortar with 
a pestle of the same material. The numerous rm^asurenumts of 
pH made during these experiments, together with ttie Biifbu* 
Indexes kindly calculated by Mr. 0. T. iN(n)iJ) from tlu' titration 
data given by Hempel are summarised in Tables VIII. Th(‘ higlun* 
pH data were obtained after exposing the plants to light, tlui 
lower pH figures after the plant had been in darkness for various 
periods. 

It is obvious that, with the exception of Alov arhorvHcvHH, 
all the succulent plants which were compared by Hempel aft(‘r 
exposure to light and darkness, showed an iner(‘as(^ of IlL) und(U’ 
dark conditions. They show also an increase' in titratabU' acid 
(to the litmus point, ])H b'8) and an incre'ase^ in bufh'r iiide'x 
between the natural pH and ])H IrH with tlu^ (Lvce'pHon of 

the first two species of Mesembrianthernum, bidder iiuh'X 

between pH 6*8 and pH 9*2 (phenol phthalein //^), shows no such 
correlation with the changes in natural pH, titratabh' acid and 
buffer index in the lower range. Hempel from lu'r obsi'rvalions, 
concluded. 

1. That the acidity in Hochea jalcata, (^otylvdon obrallata 
and C. linguaejolia ‘‘(possibly in succulents gencu’ally)” is diu^ 
not to a mixture of acid and acid salt but to a mixture of acud 
salt and normal salt, which buffers below the litmus {)oint, i. (\ 
around the natural pH and up to pH 6*S. 
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Table VIII 


Reactions and Buffer Indexes 




Reaotions 

Buffer indexes 

Differences 

Plant 




natural pH— 

6.8—9*2 

Dark-Light 



Lakmaid 

Test 

H • electrode 

to 6 8 









IpH 



Aloe arborescens . 

dark 

5-0 

4-66 

•0046 

•0017 

± 

± 

± 


light 

6*0 

4*69 

*0046 

•0017 




„ cymbaefolia . 

dark 

4-9 

4*69 

*0064 

•0025 

— 

+ 

— 


light 

5-4 

5*59 

•0021 

•0030 




Diotostemon . . . 

dark 

4.4 

4*26 

*0147 

•0134 


+ 

— 

Hookerii . . . 

light 

5-4 

5*55 

*0044 

•0161 




Cotyledon linguae- 

dark 

4-2 

4*20 

*0120 

•0047 

— 

+ 

4- 

folia . 

light 

5-5 

5*52 

*0055 

•0041 




„ coruscans . . 

dark 

3*9 

4*11 

*0323 

•0048 

—- 

+ 

+ 


light 

5-6 

5*43 

•0072 

•0017 




„ obvallata . . 

dark 

4*3 

4*16 

*0105 

*0047 

_ 

4- 

+ 


light 

5-4 

5*46 

*0081 

*0037 




Crassula obovata . 

dark 

4*1 

3*96 

•0320 

*0125 

— 

+ 

— 


light 

5*2 

4*31 

•0263 

*0129 




„ lactea. , . . 

dark 

3-95 

3*96 

•0247 

*0248 

— 


4- 


light 

5-2 

5*13 

•0236 

•0228 




Rochca faicata . . 

dark 

4-05 

3*95 

*0427 

•0306 

— 

4- 

— 


light 

5-5 

5*39 

*0078 

•0391 




Acouium Haworthii 

dark 

4-1 

4*13 

•0327 

•0160 

— 

4" 

— 


light 

4*7 

4*49 

•0219 

•0183 




Mesem brian themiim 

dark 

4-9 

4*51 

•0133 

•0026 

i 

— 

+ 

echiiiatum. . 

light 

5-6 

5*68 

•0139 

•0025 




„ lingaeformo . 

dark 

4*8 

4*56 

*0020 

■0023 

— 

— 

+ 


light 

5*4 

5*02 

•0032 

■0016 




„ Lehmaniiii , 

(lark 

5-0 

4*81 

•0077 

•0055 

— 

4- 

— 


light 

5-7 

5*35 

•0042 

•0057 




Kleiiiia (cuncifolia ?) 

dark 

4*4 

3*07 

•0320 

•01.50 

- 

4- 

4- 


light 

5-8 

5*55 

•0218 

•0057 




LupinuH albus 




i 





• stalks and 


5*9 

5*78 

•0186 

•0823 




first loaves of soorl- 



603 

•0144 

•0697 




lings. 

10 (lays. It. 


5*78 







„ otiol. 


5*89 

2*19—2*24 

1 (a)-2183 

•0132 




Lemon juice . . . 

' 


|(b)*2330 

•0025 





1) Redactions aw given by Hkmpel (1017). Buffer Indexes calculated 


by 0. T. Ingold from Hempel’s titration data, 
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2. That the degree of aeid formation m not (‘orr<da 1 <‘d with 
the degree of Hiieeulonoe „hut there in a certain likelihood that 
it stands in causal relation to the (juantity of disHoe.iatesd nia- 
lates.’* 

3. That the buffering in the higher pH rang(‘. is, in part at 
least, duo to precipitation buffering; the alkali prcHupil-ating 
aluminium hydroxide from the aluminium malat-c^ pn^siuit. 

4. That in Rochea falmta in i)artieular, but also in all Ibes 
succulents investigated, substances of highly ineonst.ant eluira(d.er 
occur; those are easily oxidisable and then asHunu' i-lu*! (duiraeter 
of stronger acids. 

With reference to the first of these (?on(dusionH, IIioMiuoii 
herself (p. 65) says “It must bo borne in mind that tlu^se plants 
contain not only acids, but also salts of sue.h acids’*, and furt.hcM*, 
an inspection of the phosphate titration curve (fig. 11 ) will show 
that in the middle region the phosphate is all K H 21^04 and K^H P( >4 
within a certain ])H range. Similarly within a (*.(Ttain rang(^. a 
malato system will be all acid salt ])lus normal salt. 'Flu^ pK 
values for malic acid are given (Clark 192S, j). 678) as 3-48 and 
5'11; so that around pH 5 this conclusion will he eornud. but. at 
pH 3-95 (see Table VIll) there is a certain small proj)ort.ion of 
free malic acid present, as stated in the second (jnotation. 

The second conclusion is in harmony with Mpokhk’s vi<‘w 
of pentose succulence (1920) and with the findings of Doylio 
and Clinch (1928, p. 119) that there is jio r(‘ally satisfactory 
correlation between pH. and water-soluble pcMiiosan <M)nt<mt.. 

The fourth conclusion is readily ('xplaiiu'd by Seoioiiu’s 
observations (1913) of the doeornposition of dilutee malie a.eid 
in sunlight, giving oxalic (pK 1*42 P** step), glyeollie, formic- 
and acetic acids. The disputes concerniTig tlu* relative pro|)ortions 
in which malic and oxalic acid occur in certain sucHiukuits may 
possibly he duo to the same phenomenon, as well as to siNisoiuil 
variation from oxalate to malatc as in McsvmhrianlhvmHm {nvc 
Czaj)ek. III). 

Hempel (1917, p. 05) also gives a series of curves in relat.ion 

. . N 

to the quantities of--NaOH required to neutralise lOOgramnu^s 

of sap, the points being determined with difjercuit sap samples. 
The initial [H] was the natural pH and tlieso are not modern 
,titration curves’, but by calculating the apparent buffer iudexes 



SUCCULENTS — REACTIONS AND BUFFERS 


295 


(Table IX) and comparing these with the buffer index curve of 
0*1 M malate (fig. 24 cp. Hempel’s fig. 15) we can demonstrate 
diagrammatically the fact that the plants examined form more 
malic acid at one time than they do at another and that they 
vary in their capacity for malic acid production. The actual 
concentration of malates clearly varies from one sample of a 
particular plant to another. 



Fiii. 24-. Appamit Buffer liidcxcH of Sucoulcnfs. 

(('alrulat<Ml fioin il('ni|H>rs ii^. li, p. ((5. PianiH niimbcnMl u.s iti Tahir IX.) 

A careful study of fig. 24 shows that, while tlic (lc(*rcas<‘ in [H*] 
from pH 4*5—5*0 to pH 5*0 - 5*5 (cxcc])1 in 2, 4 and 0), might be du(‘ 
almost entirely to change in the acid-malatc‘ normal-malatc ratio 
(i. e. to addition of base to the system), this cannot ho the case for 
the zone of lower pH. There the *1 M malate/? value remains con¬ 
stant, the same as for pH 4*5—5*0, and any increase or decrease 
in [H‘] must bo due to the actual formation of more or less malic 
acid in the plants. If there were an actual production of more 
acid between the two ranges pH 5*0—5*5 and pH 4*5—5*0, the 
fi curve for * 1M malate between the points would bo flatter than the 
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actual curve found for the plant juice; therefore a<iidifi<!ation in 
this pH region is due to withdrawal of base. While it does not 
coincide (except with Kleinia), the nialato curve is almost parallel 
with the majority of the natural curves, indicating base cjhangos 
rather than acid changes in the middle zone of pH. Calculating 
from the /? values, in this mi<ldle part of the curve, the nialate 
concentration varies from 0*106 M in Klemia to *046 M in two 
species of Cotyledon (see col. 8 Table IX). 

Table IX 


Apparent Buffer Indexes 

P calculated with some extrapolation from the chart p. (if) in Hkmpkl (1017) 




S in range- 

-pll 

P (dark) ecu p. 20 ;) 

Molar (kino. 


Plant 

4‘0—4*5 

4*5—6-0 

6*0-5 6 

average 
below 
pll G *8 

6 * 8 —-l )’2 

or Malato 
ealoulntod 
from p 

1 . 

DiotoMemon .... 

•070 

•036 

•(>20 

•0147 

•0134 

_ . 

2 . 

Cot, dhmllaia .... 

•080 

•(>28 

•008 

•0105 

•0047 

0-04(i M 

3. 

G. cornacans .... 

•088 

•050 

•032 

•(>» 2 :i 

•0048 

0^0!>3 M 

4. 

(1 lingiiaeluHa . . . 

•080 

•028 

•008 

•0120 

•0047 

0-04(S M 

5. 

Crassida ohovata . . 

•130 

•052 

•028 

•0320 

•0125 

(>•(>80 M 

(J. 

6 V. lactea . 

•088 

•050 

•030 

•0247 

•0248 

0 <)!>3 M 

7. 

Rochfia . 

•124 

•052 

•032 

•0427 

•o:«)(! 

0^08(i M 

8 . 

Klviuia .j 

•120 

•004 

•030 

•0320 

•0150 

0 -l 0 () M 

0 . 

3 /r.v. c chin (limn • • • | 

: “• 

•040 

012 

•01.33 

• 0 () 2(1 

0 - 0 (!() M 

10 . 

Jl/r.v, limjavjomv . . j 

i - 

•010 

•004 

•0020 

•0023 



The flattening of the slopes in tlu' middle^ r(‘gi()n of Dioio- 
stemon (1) and for A/, lingaeforme (10) correspond to th(‘ flaltcMiing 
which occurs with lower concentrations of jnalat<\ Th(‘ <‘urv(‘s 2, 
4 and 9 are steeper than malato curves, indicating actual formation 
of more acid in these plants within the middle rang(‘ of variat ion. 

A similar analysis of the rather small scal(». titration curve's, 
given for Bryophyllum juice by (Justafson (1925, fig. 2), shows 
that there is distinct evidence of malaie formation in that (*as(‘. 
In the afternoon (13*45 j). in., fig. 3(1) tlu^ buffen* systimi is oik' 
which falls like a phosphate-bicarbonate buffer e.ornph'x with 
some malato iDrescnt. At midnight (fig. 3 H) tln^ ('ff('e.t.iv<‘. biifb'r 
system agrees accurately with a *05M malato system; wliile in 
the morning (fig. 3F) the effective buffer system ajipears to bo cm- 
tirely *073 M malato. Gustaitso-n docs not give the actual points be- 
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tween pH 5 and pH 8 for curves F and G, otherwise these suggesti¬ 
ons could be checked for the higher pH ranges as well as for the 
natural pH range of the acid sap. A titration of the sample G with 
acid as w^ell as with alkali would have shown whether the malate 
was all used up or remained partly as neutral salt at that time of 
day. Gustafson’s data suggest a nocturnal increase of 60% in 
malate content; while Hempbl’s data indicate a doubling or 
trebling of malate content in the dark, with persistence of a 
certain proportion as neutral salt even in the light. 

The diurnal variations in succulents have already been 
noted (Chapter XI) and the early work is adequately summarised 
by Hbmpbl (1917), Richards (1915) and others. The more recent 
work on Bryophyllum by Gustafson (1924b, c, 1925) emphasises 
the differences in pH w’hich occur in the juice from different 
parts of the succulent plant and the marked influence exerted 
by the weather upon both diurnal changes and differences (gra¬ 
dients, etc.) in the actual pH (pp. 124—127). The tissue differen¬ 
tiation found by Miss Lynn (p. 127) emphasises the variation 
from tissue to tissue in both actual pH and in pH changes, espe¬ 
cially with reference to the constantly very acid mucilage cells 
of the hypodermis and bundle sheath. 

The lack of correlation between succulence and pH or even 
total acidity is in harmony with Gustafson’s (1927) remarks 
upon the concomitance of low pH and rapid growth in the tomato, 
Spobhr (1919, 1920) has shown that succulence is associated with 
a pentose metabolism. The fact of the matter is that while this 
pentose metabolism is associated with low pH values, the accu¬ 
mulation of acids or acid salts may be cither an accumulation of 
by-products or quite a separate phenomenon. The pentose 
nudabolism may be the cause of sueeulence and the cause of low 
pH values at the same time. Rapid growth in the tomato might, 
therefore, be neither tlic cause nor the effect of low pH values, 
but another effect of the same cause — i. e. of an abnormal 
metabolism. 

In the same way low pH values occur, as in Rolyg()nac(*ae, 
Rosaceae, Rhododcmlroti, etc., without any corresponding succu- 
Ic^iice, presumably from some other cause than pentose meta¬ 
bolism and therefore unaccompanied by any succulence. Further, 
succulence may occur (c. g. Oasteria verrucosa), also in halo¬ 
phytes (c. g. jSalsola kali p. 106), associated with relatively high 
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pH values, so that although a j)ontoH(^ niotabolisin may lx* oiu? 
cause of succulence, there may be other causes of the saitu'. phe¬ 
nomenon. 

I'Tlbhla in a scries of contributions (1925—I92S, see also 
Lloyd and Ulehla 1920) on various aspects of desert succu¬ 
lents has given some pH data. The diurnal variai.ion in Opnniia 
has been noted already, p. 128, and other points will be dise.ussed 
in Chapters XVT and XVIII. In 19251) ho gives a number of 
factors which influence water-intake in plant cells and states 
that ‘‘Any given water factor of the coll as a whole ehang(^s in an 
independent manner under different conditions, such as pH, 
previous water-content, salts, narcotics, etc.** ''riu^ rest» of his 
relevant data deal with the isoelectric ])oint of plant, t.issues, s(xs 
Chapter XVI; and with the intoractions of j)H and the wall of t.hc 
living cell, see Chapter XV FI I. 

Apart from Hbmpel’s pH figures of the juices of siuxmlent.s 
and those given in connection with diurnal variation, th(%r(% are 
few precise data, except the tissue reactions of trhc‘. st.(‘ms and 
loaves of succulents given in Table VI (Jhapter X, sex^ all t-lu^ 
spooios marked ‘S’. The diurnal variation occurs in the nu*sophyIl 
only of Sedum praealtum loaf, 5*9 m. in the light btxiortiing 
pH 5-2—4.8 in the dark for these tissues, with a variat ion from 
cell to cell ill the upper cjiidermis an<l lowtu* epi(l(u*mis. An in¬ 
spection of those records will show that for a spcxdcss mark(‘<l ‘S’ 
the pH range is usually about c, ])H 5-2—4-8. I’lnu'e ar(‘, how(‘V(M', 
notable exceptions; on the alkalim^ sid(^ we bav(» A lor van'rgafa 
(ep. Hbmpel on Aloii arbore^rms), (h.slrrin vvrruvom, l^alsola 
kali and Veronica bcccahumja^ on the mon^ aeid side w(» liav(‘. 
Puya leaf (pH 4-0 in niosojihyll), M(\Hvmbrlanthvitnvm fSlvlliyrrnm 
leaf and Crasmla rosea leaf with some (?ellH in tiu' ni<‘sopIiyll 
at pH 4*0 ca.; CJrasmIn sp. with nieso])hyll at ])H 4*‘l 1*0, also 

Echeveria spp. and Echinocarivs with a more a(ud uj)p<‘r (‘|)id<M inis. 
The general occurrence of a j)H 5*2—4*8 is of signifi(ia.n<*<' in eon- 
neetion with TTleiila’s ‘Ceweberegiilation bei Sukkiihuitcn’, 
see Chapter XVJ. 

BUFFER SYSTEMS IN SUCCULENTS 

According to Hjsmpel (19J7, pp. 04—05) malic a<‘i<l is t lu^ 
predominant organic acid present in succulents, not only in(W.- 
taceae but also in Crassulaccac (Abeiison and Schmidt cited) 
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aiul in Memmbrianthemnm species (BEita and Gekber cited) 
(e. g. if. lingaeforme). Oxalic acid is generally beJieved to be the 
chief acid in the last genus but malic acid also occurs in quantity. 
Mayer (1887) established the presence of isomalic acid in Cras- 
sulaceao. Purjbvics (cited by Hempbl) found acetic and formic 
acid as decomposition products. Spobhb (1913) found oxalic, 
glycollic, formic and acetic acids as decomposition products, and 
oxalic as well as malic acid in Opuntia versicolor. Hempel 
(pp. 1()—17) was unable to detect other than minute traces (less 
than I %) of oxalic, tartaric or citric acid in the saji of Rochea 
falcata. 

Malic or isomalic acid would, therefore, appear to be the 
cliiof acids in succulents and these with their acid salts and normal 
salts would form the chief buffer systems. One or more of the 
other acids, however, with their salts may occur as subsidiary 
buffer systems which might become important in certain pH 
zones if the buffer index curves of the acids present differed in 
form and position from that of the malates. Above the litmus 
])()int any of the acids mentioned exert practically no buffer effect 
at all, and in this range (which seldom occurs in any flowering 
])lant, far less in succulents) aluminium might act as a buffer 
(sec Hempel p. 56). In the range of reaction between pH 5*2 
and pH 6*2, the higher range found in flowering plants, the organic 
acids are mainly negligible as buffer-producing substances; and 
the phosphates and carbonates together with some nitrogen- 
containing acids suggested by Hempel (p. 62) are the onl}^ sub¬ 
stances which exert a large buffer effect for a small concentration 
of buffering substance. 

l'h(‘ rang(‘ of buffer ind(‘x should be noted. For kunon juice 
b(‘l()\v pH ()*S it is in the region of normal citric acid (see Fig. 28). 
In A lor and MrsrnihrtanfhrniiiiN species it is in th(‘ sann^ r(‘gion 
as in the b(‘an and sunflowcu* sap, whil(‘ in the otlua' succuhuits 
t!i(^ range of buffer index varies below pH 6*8 from *0427 to *0105 
(for darkness) and from *0263 to *0032 (for light). The higher 
figures arc in the decinormal range of concentration while the lower 
figures are in the range of centinormal concentration. All these 
indexes are, of course, lower than maximum on account of the **error 
of grouping'\ They arc average buffer indexes over a wide range. 

Thus both qualitatively and quantitatively the buffer- 
systems in succulents aj^pear to be similar to those which are 
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localiBed in tho more acid tissues of normal planiH, while the 
buffer systems characteristic of normal paronchynia occur hut 
are relatively unimportant in succulents. Citric acid, which does 
not appear to be common in succulents, may bo a common buffer- 
producing substance in ordinary plants. 

That the decomposition of acid products in cacsti is not an 
enzymic process appears probable from observations by Spomiir 
(1913), who found that the photolytic dcconi])OHition of malic 
acid was accelerated by something in tho cactus sap which survives 
boiling and calcining and precipitation by alcohol and whicdi 
dialyses out from the alcoholic prooi])itato. This acscolorator 
must therefore be an inorganic substance and Spokhr oonedudes 
that salts of some kind must be acting. The actual accsumulatiou 
of tho original acid products may, however, ho duo to enzymic 
respiration effects, in malate-producing suceulonts as in the 
citric-producing fungus Aspergillus niger (see Cukrib 1917 and 
Challenger etc. 1028). Tho last authors maintain that tho 
citric acid is produced from glucose via gluconic acid and sac¬ 
charic acid. 

According to Henderson (1913, pp. 223 sqq.), in a solution 
of glucose there are probably three different forms of glucose 
which pass freely into one another and ultimatcsly ai/iain a states 
of equilibrium. Under tho influence of a small (juaniiiy of alkali 
further changes occur, resulting in the formation of mannoses 
and lovulose, both of which again exhibit three forms in solution. 
Under these same conditions other chang(*s [)roeced slowly heading 
to tho formation of lactic acid, mcthyl-glyoxal, etc.. “It is also 
certain that a great variety of other simple sugars r(‘H(unbling 
glucose, lovulose and mannose are ])r()duced, and, all told, tlu*. 
constituents of such a solution probably numlx’ir at k^ast two 
hundred, all i)roducod from glucose alone, uudc’ir the influences 
of a slight excess of hydroxyl ions.“ Alkaline hydrolytics and <>t.Ii<*r 
changes arc the ty|)es considered here but. acid hydrolytic aiul 
other changes of sugars arts likely to give at least as many possibles 
i)roduct8. The enzymes i)rcscnt, their relativts activil.it's Ixang 
governed by their optimal pH ranges, would give the bias towards 
tho formation of one kind of x)roduct rather than another and it 
is probably here that wo must look for a solution of the various 
types of acid-producing metabolism, whether these are oc.curring 
in succulents or in the more acid tissues of normal i)lauts. 
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PROTOPLAST AND pH 

1. The real pH of Cytoplasm — (a) errors of methods; (1)) pH values re¬ 
corded ; (c) pH values in relation to errors; (d) can the pH be determined ? 
(e) the evidence. 

2. pH and the Protoplast — (a) enzyme action and pH; (b) chromosomes; 
(e) viscosity and pH; (d) staininj^; (e) permeability; (f) equilibrium points 
and buffers; (g) membrane buffering. 

1. THE REAL pH OF CYTOPLASM 

(a) Errors of Methods. — A consideration of tlie errors, 
described in earlier chapters, for electrometric methods of measur¬ 
ing hydrion concentration, together with the undoubted presence 
of a large percentage of protein material in the cytoplasm, will 
make it obvious that the intrinsic protein errors combine with 
the errors due to protein poisoning of the electrode, thus making 
all electrometric methods useless for the determination of the 
pH. of cytoplasm. The only attempt at accurate electrometric' 
determination on plant cytoplasm was made by 'J^ayluh and 
Whitaker (1927) on Nitella and they got positive readings on 
the galvanometer. Heilbrunn (192S, p. 32) sugg(‘sts that rnem- 
l)ran(‘ formation might interfere with the ac'tion of a mic-ro-hy- 
(lrog(m-(d(‘(‘tro(le wluni intro(luc(‘d into tlu‘ cytoplasm, thus 
still another error is possible. Klcadronudric measurcummts of the 
real i)H of cytoplasm are, therefore, apparently im])()ssible with 
our prc'sent technique. 

Further consideration of the previously described errors for 
indicator nietliods, in the {Hcsence of proteins and other colloids, 
serves to em])hasisi^ the protein error, the lipoid error, the adsoi*])- 
tion and chemical cliange errors and that due to the different 
dielectric constant of the colloidal medium. Reiss (192b ]). 94) 
found a difference of 0'5—TO in the pH indicated for gelatin 
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fragments and the circumambient medium with various indi¬ 
cators and made quite a legitimate comparison botwooii this 
system and the cytoplasm-sap system of the cell. Adsorption 
and differential diffusion in the colloidal eyto])lasm destroys 
more or less completely any possible accuracy of indic-ator methods 
when the basis of measurement is the tint of any indi<^al()r. Protcun 
and lipoid errors may combine to produce (piitc^ a de(*.e|)tive 
virago when tints are used. 

There is no evidence, however, that either adsorpi.ion or 
protein error can change the virago of any indiciator from th<^ 
‘alkaline’ to the ‘acid’ ranges used in tlu^ It.I.M. A(^tual changes 
of the colour of an indicator, especially if supporied by oiber 
indicators giving a series of similar changes in the sanu^ s(ms(‘ 
below and in the opposite sense above the indicated pH rang(^ 
can be taken as decisive, for the measurement of <iyt.oplasmic i)H. 
Many indicators are, however, more or less toxic to living (cyto¬ 
plasm and only intra^inlmn indicators can be us(m 1 witli succc'ss 
for such measurements. Aqueous methyl red, diethyl red and 
neutral red are such indicators, while brom-cu’esol given, brom- 
cresol purple and brom-thymol blue are not rapidly toxi(*. ’riu‘ 
indications given by cytoplasm with th(^ first thn^^ indicators 
may be taken with assurance; the valium of those giv(m with tiu' 
second three indicators depends largely u[)on th(^ t(‘chni(ju<‘ us(‘d. 
If penetration of tlu^se sc^cond thr<M^ indi(uitors into any parti¬ 
cular cytoplasm preced(^s tlie onset of toxic. (‘ff(‘(^t.s rt‘suli.s 
may be used in sin^xiort of the indications giv(‘n by th(‘ vital 
stains. It must be remembered that cytoplasms difh^r consicU^- 
rably and that some arc much more sensitive to toxic influ(‘n(‘(‘s 
than are others. Jf, on the other hand, the toxic. (df(‘(‘t-s b<*gin 
before the indicators penetrat(^ the actual (\vtoplasm tlu^ virag<‘ 
cannot be taken as that shown by normal living cytoplasm, 
and this difference may well be a colour diffi‘reii(‘(‘ (cp. Scmiakdio 
below). 

(b) pH Values recorded. The old obs(‘rvat-ion l)y IIkkumann 
( 1879) on the change of red litmus ])aper to blue by th(‘ phismodium 
of Aethalium might bo taken to indicate a pH (rS or oven* for 
that oyto^dasm but the change j)oints of litmus materials may 
vary. Clark (1928 p. 86) gives lacmosol as red 4*4—5-5 blue; 
laomoid as red 4*4—6*2 blue; azolitmin (litmus) r(‘(l 4*6—8*3 
blue, all cited as Sorensen 1909 and 1912. Acvonling to Hmmckl 
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(1917 pp. 11—12) lacmoid paper can be used over a range from 
pH 3*8 ca, to pH 6 ca., while litmus paper shows a series of tints 
from red through violet to blue; one of which tints was used 
by Hbmpbl as the litmus point, namely the particular tint given 
to litmus paper by a special phosphate buffer mixture at pH 6*81. 
The “blueing” observation by Herrmann might, therefore, refer 
to a tint given by litmus paper at any hydrion concentration 
from i)H 5*5 ca, ui^wards. Further, by means of the R.I.M. it 
has been shown (p. 95) that the internal pH of fungi is frequently 
higher than in flowering plants. 

One of the most interesting attempts on cytoplasmic pH is 
tliat by SciHABDE (1924). He immersed epidermal cells from onion 
bulb scales in methyl red solution and in a few minutes found 
the cell sap red while the proto])lasm and the nucleus were yellow. 
The indicator did not appear to be toxic, since protoplasmic 
streaming continued and the cells remained plasmolysable. When 
cells were previously injured the cytoplasm showed a red virage. 
Similar attempts by M. W. Rea and S. H. Martin with the 
same material and various other easily isolated plant tissues 
failed to give decisive differentiation with indicators and further 
exi)eritnents by (I T. In(K)LI) with onion epidermis likewise failed 
to confirm this most interesting record. 

The reaction pH > 5*6 for the natural living cyto])lasm and 
nucleus of the onion, given by Sohaedb’s observations, is one 
of the few records yet published of the hydrion concentration 
of the (^ytoplasm as distinct from the rest of the cell. This result 
rest.s upon a yellow colouration of the cytoplasm and niudeus 
with intravital staining by methyl red. 

As a eas(‘ from tlu* animal world, we have the inieros])eetro- 
scopici ob-servations l)y Vlks and Vellinobk (192S) on the natural 
pigment of Arhavia eggs. Their conclusion that the |)H of the 
cytoplasm in the neighbourhood of th(^ pigment lies somewhiu-e 
between pH 5*2 and pH 5*9 seems a very careful statement of 
the facts, especially in view of the variation in pH found by 
Reiss (1924) using another method on the eggs of Ecliinocardium 
and Pamevutrotns both of which varied in the range pH 5*4 to 
pH 5*r)5. 

A r(‘C(mt (U)ntribution by CoLi.A (192S) in Protophmna, on 
tht^ action of i)H on })rotoplasmic streaming in Ohara criaita L., 
includes almost incidentally a second series of <)bs(*rvati(jns of 
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pH in plant cytoplasm (which are not oven given amongst the 
^Conclusions^!). The technique appears to have boon very care- 
ful and free from many of the usual objociiions; for exam])lo 
the isoelectric point of the ])rotoplasin was dotenniiK^d (lirecdJy 
by Miohaelis* cataphoresis method, instead of the orudi^ methods 
recently in vogue (see p. 310). One is, therefore, inolinod to give 
full weight to the following statements (Ooi.la, p. 187), 

,,Reazione del suceo cellnlare. Con la porpora di bronuK^rcssolo 
il protoplasma prendo iina tinta giallo rose (die csorrispomh^ a 
pH 6*4—5*6. 1 granuli proteiei sono eoloraii in giallo (pH 6*2 
[6*00]). Col rosso motile si hamo eolorazioni eorrispon(h*nti ad 
un pH press’ a poco eguale. 

Reazione del vacnolo centrah. Immergendo le alglu*! in una 
soluzione al 5 per mille di rosso neutro o rosso ciongo, fatta (‘.on 
Tacqua incuiessevivevano, si notaronoi vaeuoli (jolorati rispet tiva- 
mente in rosso papavero od in rosso viohw^eo (pH 6*7--7*0). 
Schiacciando il vaeuolo in una soluzione diluita di porpora di 
bromocrcsolo o di azzurro di bnjmotimolo, si oss<‘rva (du' gli in- 
dicatori assumono una colorazione che eorrispondt' a pH (>•() - ()*8”. 

Although tints are compared, which is not n^ally h^gitiimiti^ 
when dealing with protoplasm in j)articiilar, we giv(‘n some 
of the facts. From the yellow of B.C.F. w(' (‘.an again say that 
the cytoplasmic n^action is pH <6*0; and had tlui (‘(dours with 
methyl rod been given we might have ohtaiiK'd a lowcu* limit. 
The saj) n'action is in aeeordaiuio with that found for H(‘V(‘ral 
other algae. 

The many observations of eidls, living and kilhvl ma<l(‘ in 
this Department, have led the writ(‘r to tlu* following eoiKdusions - ■ 

(1) That when killed or injured the eyt()|)la.sm and nuekMis 
may take up the red form of methyl ml and show a virag(‘ whi(di 
indicates a pH between 5*2 and 4*8; 

(2) That while alive the cytoplasm (wen of v(‘ry acid plant 
cells does not show red with methyl ivd either l)(‘eaiis(‘ tlie r(‘d 
form of this indicator does not ])eiu‘trat(i or because t.h(‘ n'aetion 
is above pH 5*2, but we liave only oik* doubtful r(‘<i()rd of arnud iial 
yellow virage in addition to the potato rc'eords, p.270; 

(3) That with diethyl rod, a relatively non-t-oxie arul (*asily 
penetrating indicator, the living cytoplasm shows r<‘(l or ycdlovv 
indicating a variation in reaction from pH .6*6 l.o pH 5-i), hut it 
has as yet been found with certainty to be yellow wlien th(^ sap 
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is red only in the acid cells of potato, although the nucleus of the 
living cell frequently shows a deeper red than the rest of the 
cell with this indicator, possibly because of other than pH phe¬ 
nomena ; 

(4) That while alive the cytoplasm even in less acid plant 
cells does not show more than a faint mauve with brom-cresol 
purple and is never, so far as our observations go, green or blue 
with brom-thymol blue; 

(5) That the reaction of plant cytoplasm must lie somewhere 
between pH 5*2 and pH 6*2 with little or no variation beyond 
those points, but with probable variations within that range; 

(6) That the use of aqueous diethyl red and methyl red, 
combined with brom-cresol purple and brom-thymol blue used 
with special attention to toxicity effects, is the best method of 
determining approximately the pH of any particular cytoplasm 
under specified conditions. The indications obtained by this 
method would appear to make the range indicated somewhat 
narrower than the microspectroscopic method used on natural 
pigments. The application of the method is open to all, but 
n^cords should state the precise conditions under which any 
particular pH is found. There seems little doubt that cytoplasmic 
reaction does vary within the limits given. 

(c) pH Values in relation to Errors. All other values given 
in the literature for cell reactions would appear to be values for 
vacuolar sap or cell walls or a mixture. The errors given al)ove 
do not apply to Schabde’b observations nor to the R.T.M. The 
error of mixing sap and cytoplasm applies to all ‘"juice^ deter¬ 
minations and to such of the R.T.M. records as are subject to tlie 
error of too great an alcoliolict coiujentration. These vary with 
the indicators used an<l with the reactions found, and it would 
take up far too much spa<^e if an atttunpt w(‘re mad(‘ to analyse 
these records from this point of view. In the main they stand 
for coll sap and C(dl wall values, rather tlian detailed observations 
on particular e(^lls with a careful differentiation of sap and 
cytoplasm. 

(d) (hin the pll of Cytoplasm be determined i Scarth (1924) 
suggests a possible negative answer, quoting experiments and 
observations on Pelomyxa palustris^ a multiiiucleate amoeba, 
with neutral red as an indicator, similar to those on Stylonychia 
and Vorticella by Mbtohnikoff (1889) with litmus granules. 

Protoplasma-Monographien 11; Small 20 
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Vacuoles, cytoplasmic granules and external medium may all 
show different tints or even different colours. There is nothing 
in these facts against the possibility of doU^rmining the pH of 
cytoplasm, provided that technique and observation arc both 
careful and provided that the R.T.M. method of int(u*])r<^tation 
using colours only is followed. 

Weightier suggestions are advanced by Pfujikfmr (1026, 
1927) and Keller (1928), who emphasise the colloidal nature 
of cytoplasm. The latter and his collaborators, having s|)e(*.ialised 
for many years with valuable results, upon the electric*, e.harges 
of protoplasm, are naturally inclined to see in tliesc^ chargc’ss the 
master factor of biological phenomena. Perhaps it is! ^'’his 
monograph on pH in relation to plant cells and tissuc’ss is the 
result of a similar specialist bias on the part of the j)ros(^nt wrii.(T. 
Keller (1928) points out that — 

(1) Capillary chemistry has recognised within the last dc^e.ade 
that, in the immediate neighbourhood of membraTu^s, j)roteins 
and hydrophilic colloids, which usually liave a ncigaiive (*.hargo 
of their own, anions are quite motionless and kations have only 
a strictly limited mobility. 

(2) Experimental researches on the permeability of animal 
and plant plasma-membranes have ](%d to an agr(Hutu*ni. i.hat 
strong alkalies and acids do not ])enetra(.e living jn’ot-ophisis at 
all and strong electrolytes do so only slowly and to small exl.(‘ni. 
“Die physiologischen Theoricn dor besonderen Wirkungen von 
H- und OH-Ionen verlieren dureh diest's ul)(^reinsiinun(Mi<l<* 
Ergebnis vorschiodenster Untc^rsucher stark an WahrH(ih(*inli(*h- 
keit”! This is the natural result of the wide-spread loos(*n(‘ss in 
locating the various processes, which are su])p()se(l to b<* govcMMU'd 
by the pH of the cell, in the cyioj)lasm itself, ''riuu’e is a distiiuji 
IDOSsibility that most if not all the x)roeesses, in which hydrion 
concentration plays a conspicuous part, are either siirfaet* nNietions 
taking place, not in the cytoplasm but at the snrfa<*(‘ wIkuv* 
cytoplasm meets vacuolar sap, or pH and buffer j)henom(ma 
of the sap itself. All the detailed observations, including even 
those of ScARTH mentioned above, seem to indicate some 
such arrangement. The work by Keli.er and liis collabcjrators, 
pushed to its limits with refined technique should prove of 
great value in clearing up this difference between e.ytoplasni 
and sap. 
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(e) The Evidence. All the available data indicate that the 
cytoplasm, as a colloidal solution of considerable protein confient, 
is strongly buffered not only by its actual composition, but also 
by the surface precipitation membrane-forming reaction so ably 
expounded by Hbilbrunn in Chapters XIII—XIV of Proto¬ 
plasma Monographien, Band I. 

This being so we might expect a relatively stable hydrion- 
concentration in cytoplasm. All the slight but valid evidence 
of the actual reaction of plant cytoplasm is derived from obser¬ 
vations with the indicators methyl red, diethyl red, brom-cresol 
purple, brom-thymol blue and neutral red. All these indicators 
give with various plant sources and with various investigations 
results which, on an R.I.M. interpretation, agree in indicating a 
reaction for plant cytoplasm in the range pH 6*2—6*2. Schabde’s 
result gives pH >5*6 (onion); Colla’s result gives pH <5*9 {Ohara ); 
while VLiis and Vellinobr give pH 6*2—5*9 {Arhacia). Our 
R.I.M. results all agree with a range between pH 5*2 and pH 6*2 
for living cytoj^lasm, and pH 5*9 ca. for the cytoplasm of po¬ 
tato cells. 


2. pH AND THE PROTOPLAST 

The actual pH of cytoplasm, from the few pieces of valid 
evidence which we have, would appear to be distinctly limited 
in its range, but cytoplasm can undoubtedly exist in the living 
state in contact with fluids the reaction of which varies over a 
larger range, pH 2*0 to pH 10 approximately. The important 
j)rc)])lems, tlierefore, become the behaviour of cytoplasm and 
cytoplasmici secretions with relation to hydrion concentration. 

Tht‘ available data conc<u*ning these phenomena are for the 
most part very (ionfus(‘d and fretjuently contradictory, but on 
one typ(^ of (•.yto])lasmi(i secretion we have a certain amount 
of more or less j)recise information. 

(a) Enzyme Actio 7 i and pH Optima. The relation of enzyme 
action to the hydrion concentration of the substrate has been 
the subject of much work from Kanitz (1903), Sentbr (1904/05) 
and Fernbach (1906) up to the classic contributions (1909- 
onwards) by Sorensen and Michaelis, Bunzell (1916), Euler 
(1920), Falk (1921), and a host of others. The references up to 
1922 are given in some detail by Clark (2nd edition) but tlie 
siibjeid up to 192S is considered in sufficient detail for ]>resent 

20* 
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Notes 

saccharogenic test 

viscosity test, 4*0 in buffer soln. 

4*3 at 25® C; 6*0 at 69® C 

for starch solution 

for reducing sugar formation 

Trith acetate buffer 
with phosphate buffer 
or 6*1—6*2 with acetate and phos¬ 
phate. 6*9 in chloride and ni¬ 
trate 

or 9*5—^9*8 

pH Optima 

w >b lb cb 

Class 

-«) W « « -tt pq ^ M PQ pq 

Source 

Aspergillus niger 
„ oryzae 

cabbage, carrot and 
white turnip 
yellow turnip 

Fusa riu m , Colletoiricli u m 
malt 

Phaseolus 

plants (general) 
potato juice 
saliva 

various 

yeast 

Enzyme 

i 

Amylase.1 

(diastase).' 

1 

! 

1 

Arginase. 

Autolysis of yeast . . . 


1) Extracted from Enzymes by \Yaksmax and Davison, Table on pp. 46—48 and modified from the text. 
The classification in the third column is by the present ivriter. J. Small. 
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purposes by Waksman and Davison (1928), The actual data 
can be tabulated. The important points are firstly tlu^ ran^o of 
pH through which the enzymo is active and sociondly the optimum 
point (or zone) of pH for the enzyme action. The range is indi¬ 
cated in a number of cases in Table X, and the pH optimum 
is more often a zone than a definite point. Further the optimal 
reaction is known to vary with the temperature, see malt amylase 
and maltaso Table X; and also with the substancew whi<?h an^ 
used either to buffer the solution as in salivary amylasi^ or upon 
which the enzyme is acting as in /J-glucosidaHe of th(>> emulsin 
system and zymase. The optimal reaction varicts also with thc^ 
change which is used to tost the enzymic acJtivity as in t.he amylase 
of As'pergillus oryzae. 

In spite of these variations, a consideration of the data from 
the point of view of the internal pH of ])lant cells is quitch instTim- 
tivo. Taking the real pH of cytoplasm to be betwcsc^n pH 5*2 and 
pH ($-2, we can examine the list of optima. Bac-terial (uizynu^s 
in general and a few derived from yeast are the ehic^f (^ases when* 
an optimum occurs above neutrality; others are oxidases and 
peroxidase, peptolytio plant enzymes tyrosinase and ureases 
( = Class C). All the other optima are either below pH 7-0 or 
around neutrality. Of those a largo majority have optima in Hu* 
range pH 5*2—7-0 (Class B) and couhl, therefore, exert sonu*t.hing 
like their maximum activity within tlie cytoplasm its(*lf. A t.hinl 
group may be distinguished (as Class A) which have optima 
below pH 5*2; this includes some amylases, dextrinasc*, prunas(‘, 
y3-glucosidase, inulase, invertase, almond hudasc*, .*1 spcnjilluft 
maltaso, pectaso, pepsin, horse-radish ])croxi(las(*, soiiu* proteas(‘s, 
raffinaso and possibly zymase in living yeast. A (^onshh^ration 
of those (UassA enzymes will show at once that most- of th(*m 
act upon substances which occur in the vaeiiolar saj) or in st.<»rag(‘ 
colls rather than in the living cytoplasm of plant. e<*lls. In tlu* 
vacuolar sap or in moistened storage rc^gions t.h(*s(* <*nzym(*s, 
secreted by the cyto])lasm of the same ecdls or s(>m(‘t.im<\s by th(* 
cytoplasm of special cells as in cereals, could obtain a non-eyto- 
plasmic substrate at their particular optimal reactions. Mnzyt»ii(^ 
reactions at the boundary of sap and cytoplasm are a possibility, 
but the excretion of the enzyme out of the secreting cell into 
the endosperm or other storage region is a known fact in many 
oases and a distinct probability in many others. 



PROTOPLAST AND pH 


313 


Tho known optimal reactions for plant enzymes may thus 
be grouped as: A-optima for maximal activity in the sap; B- 
optima for maximal activity in the cytoplasm or sap; C-optima 
for maximal activity either in an animal substrate or possibly 
an abnormally alkaline plant substrate. These class C enzymes 
arc, however, capable of acting at or below pH 7*0 in a number 
of cases, e. g. oxidase, peroxidase, and tyrosinase, so that they may 
bo active although not at their maximum in normal plant cells. 

(b) Chromosomes and 'pH. Another aspect of protoplast 
aoibivity upon which we have comparatively definite and uncon- 
fusecl information is the visibility or otherwise of chromosomes 
at different stages and at different hydrion concentrations. Ku- 
WADA and Sakamxtba (1926), using the pollen-grain mother 
colls of Tradescantia virginica^ have described (a) the distinct 
appearance of chromosomes in living material at pH 3*8, (b) the 
swollen and indistinct appearance of these same chromosomes at 
])H 6*6, and (c) the re-appearance of the same chromosomes as 
distinct structures when the reaction was brought back to pH 3*8, 
Tho changes of reaction were effected by means of various buffer 
solutions. 

These authors suggest that, since the isoelectric point of 
nucleic acid is about pH 0*7, the chromosomes are always on the 
alkaline side and become increasingly hydrophilic with increase 
in pH. They are distinct from pH 2*6 to pH 5*2; but above that 
point they begin to swell, so that at pH 5*4 they are swollen and 
at pH C-7 scarcely to be distinguished. That these phenomena 
are cytoplasmic and have practically nothing to do with the sap 
reaction is clearly indicated by a determination n^corded of tho 
])resse(l contents of tho anthers, which give red with phenol red 
and l)luo witli hrom-iliymol blue, indicating ])H 7*0 for the juice. 

Sakamura (1927) in a later contribution utilised tlu* ready 
penetration of carbon dioxhle as a means of changing tlie internal 
pH of living cells in a reversible fashion. Pure air and air 1 carbon 
dioxide was passed alternately through tlio microscope obser¬ 
vation cell. Pollen mother cells of various plants were used and 
the carbon dioxide of the cells rapidly diffused outwards when 
air passed through, thus lowering the [H’J, which was raised again 
by i)assing carbon dioxide through the observation cell. The 
colls, being mounted in 5% or 10% sugar solution, remained 
alive and tho chromosomes xvere invisible or almost so under 
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natural conditions, ap})earing quite clearly when (H)^ was i)asHO(l 
over and disappearing again when the COg was n^nioved by a 
current of pure air. These phenomena wore quite n^versible and 
occurred in all plants examined. Tn aSWZc cmala the internal pH 
varied from meiosis (pH 5*8— CrO) to the goneraidvo nu(d<^ar 
division in young i)ollen grains (i)H /)'2), and the chromosomos 
were visible without COg iTansfiision. 

The meohanisin of the formation and break-uj) of the <*.hromo- 
somoH in karyokinesis is undoubtedly an alt(u*ai»ion in colloidal 
condition. Hydrion coneontration <*.ontrols theses j)henom(sna in 
a marked degree, but experiments with various salts at various 
pH values show that other factors in addition to pH are important.. 
The original papers should bo consulted for the many intcTost ing 
details. 

(c) Viacosity and •pll, A critical review of t.his subjec.t is 
already available in Protofdasrna Monograph ion Ibind I by L. V. 
Hbilbrunn, which should be co!mult.od for <letails au<l referen(*.es. 
Granulation and coagulation on lowering the f)H valu<^ below 
neutral point, followed i^ossibly by a decrease in vis(u)sity at. st ill 
lower pH values, are more or less generally agrec^d upon but. ih<^ 
mechanism of the action may or may not be different in diff(‘r(‘nl. 
cases. Increased viscosity and possible coagulation wlum t.h(‘. 
pH values arc raised above neutral point an^ also indi<^ai.ed by 
some evidence, but we may quote Hkiluiutnn with aHsuranc<». 

“It is obvious that our knowledge^, regarding th(^ ac^tion of 
acid and alkalies on the colloidal properties of protoplasm is far 
from satisfactory. There is real need for careful and (•om|)r(dH‘n- 
sive experiments on various sorts of material with diff<‘r(U)t, acids 
and alkalies.’* 

(d) Htaining and pU, This part of the subject might Ix^ di vid(‘d 
into two sections; 1. differential staining with atud and basic, 
dyes, and 2, vital staining, but the earlier work is admirably 
summarised by Stiljah (1924) and a brief historical r(‘vi(‘w will 
be suffieieut (ep. Runnstrom 1928, j). 237). BurriiK (I9I(), 1922) 
produced experimental evidence for the general ruU^ thai. n^latively 
alkaline cells take up basic dyes while relatively acid cells take u[) 
acid dyes. Rohde (1917), one of Bbthe’k pu])ils, gave evidence* 
which is more or less corroborative. He found that a(‘.i(l dye^s 
coloured acid cells (pH 3*09—5*5) very quic^kly and inic'nsely, 
also that basic dyes coloured those cells slowly but distinctly. 
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Rohdic also found that neutral tissues in acetate buffer (at pH 
5'66—4'14) became acid in their response to acid dyes, while 
acid tissues with phosphate buffer (at pH 8*12) changed to rela¬ 
tive alkalinity in their response to basic dyes. There is, therefore, 
no doubt that the pH, both internal and external, affects in some 
degree the capacity of living cells to absorb acid and basic dyes. 
The effective internal acidity in this case appears to be that of 
the sa}). 

■ IitwiN (1!)23) found diffusion of crcsyl blue into NitcUa colls 
very slow below pH 5‘9 and increasing from pH 5’9 to pH 9'0. 
Irwin (1928) using Valonia found methylene blue penetration at 
pH 5'5 and pH 9'5 so slow as to be not easily measurable. 

SiDBJiiis (1925) using Fusaria spp. distinguished two kinds 
of ])igniontH — (a) (liffu8il)le and escaping from the cells, (b) non- 
diffusiblo and retained within the cell. Ho found that the initial 
pH of t he medium always controlled the colour of the pigment 
and that, only if the initial pH were maintained, it controlled also 
the initiation or inhibition of pigmentation. 

Since [H-] is intimately connected with rH, all the new 
studies of oxidation-reduction potential arc carried out on 
material at the same pH. This sameness may be natural as in the 
two [H'l kinds of spores of Equisetum (Jo yet Lavbrgnb 1928, 
see also Nbbdham 1926), or it may be obtained by buffer control 
of the external medium combined with control of the internal 
pH ))y means of CO 2 and NH3, as w'as done by Brooks (1926). 
i^KOOKS (1927) maintained that methylene blue ])cnotrates as 
such into Vfdonia and that the rate of penetration de])cn(ls upon 
the ])H of ihe external fliiul and the temi)erature. Irwin (192S) 
disagrees, see above. 

Quite a number of important contributions bearing upon the 
problems of vital staining in relation to hydrion concentration 
have ai^pearo'l in Protoplmma. Humjantzbw and Keorowsky 
(1926) deal with protista; Needham (1926) with oxidation- 
reduction ])otential; Kuster (1926) is sceptical of vital staining 
of the protoplast in any case, but did not use methyl red and 
diethyl red. According to Gellhorn (1927), vital staining depends 
upon two factors — 

1. the reaction of the cell (in Bethe’s sense) and — 

2. the permeability of the colloidal cell membrane. 
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He gives data for the eggs of Strmgylocentrotua, which con¬ 
firm Bbthb’s theory. Scarth (1926) obtained true vital staining, 
with selective staining of the miclcua by oosin, when H'ldrogyra 
cells were rendered artificially more permeable by moans of 
strongly hypertonic sugar solution. (Iiokliiorn (1927) records 
similar results without sugar solution. Pfriffuir (1927) eniphasises 
the importance of the oloctric charge of the membrane when 
dealing with dissociated dyes. Colla (1928) gives further results 
with indicator dyes. Albaoh (1928) reviews the subject of vital 
staining in general and gives now data, concluding ihai* (1) the 
internal pH of the coll has an influence on the speed but. not 
on the final intensity of the dye-absorption; and (2) ih(^ pH of 
the external medium is the main factor for both Hj)ced ancl final 
concentration of dye-absorption. 

SoHABDB (1927), having determined the natural degree of 
acidity in various living jdant materials, finds some e.orrelation 
between the natural ])H and the pH of various fixing solut.ions 
which give different results with these mai.erials. For example, In’s 
finds JuBL and alcohol-o.smio-chrom-acotic fixatives (pH 3*0—3-5) 
useful with the acid onion roots or slightly acid staminal hairs 
of Tradescantia but more or less useless with the neutral or slighi.ly 
basic roots of Vida faba and Hyadnthus romanva which rc(juir(^ 
fixatives of pH 1*1—24. Naylor (1926) found that washing 
killed material in buffer solutions of various |)H values liad a 
strong effect upon the staining properties. Zirklk (1928) giv(‘s 
details of the effect of pH in chromium staining. 

(c) Permeability and pH, Permeability (iata in geiu’iral an^ 
dealt with more or less critically by Rtilks (1924). Acconling 
to Stiles, the only pH observations which arc not open t<o sesrious 
objections arc those by Tronolk (1920) who found that. iiniiKu*- 
sion of leaf cells, of Buxus sempervirena for five minutc^s in 6*005 N 
HCl or 0*01 N oxalic acid, increased the |)erm(Nibilit.y of tlu'sc 
cells to sodium chloride. 

Weber (1926) gives a literature list of permeability papers 
since 1922, supplementing the bibliography given by Stiles 
(1924). Iljin (1928) notes briefly (j)]). 586—587) the work of 
some earlier authors but tlierc is practically not.hiiig of erit.ic.al 
value apart from the already-mentioned work on dyes. Iljin 
finds, using onion, rhubarb and potato tissues, that the perme¬ 
ability varies with the time of immersion either in water ]>lus 
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carbohydrates or in salt solution plus carbohydrates. The method 
used was quantitative determination of the concentration of the 
substances per unit dry weight of the tissues, after immersion 
for a known time in the experimental solutions. Salts of various 
kinds increase the permeability for inulin, fructose, saccharose, 
glucose; and the variation for potassium permeability is also 
given. Other conditions being the same, the permeability decre¬ 
ases with longer immersion. On the action of pH Iljin is quite 
precise and quantitative. The effect of the phosphate buffers 
used is differentiated, as well as the effect of the potassium and 
sodium ions in the buffers; and the final as well as the initial pH 
was observed. This part of the work was mainly upon outflow of 
monosaccharides, disaccharides and potassium from the onion; 
but the sugar content, external and internal, of preparations of 
Valonia, the osmotic pressure (NaCl) of Chaetomorpha and epi¬ 
dermal cells of Bhoeo discolor were also observed. Iljin concludes 
that the pH of the external solution has a great influence on the 
permeability of the protoplast. In general, the degree of perme¬ 
ability is lowest about the neutral point, increasing with increase 
of [H*] and also with decrease of [H‘]. The minimum varies 
in its position on the pH scale with the ions and molecules 
permeating. 

His data for outflow of sugar yield minima for external pH 
in different experiments, as follows pH 5-9, 6’6, 7’3, 6-8, 6*9, 
7*2—6.9, 5*9. His table for outward diffusion of potassium gives 
a sharp minimum at pH 5*6. Scarth’s (1926) observations on 
increased permeability of 8'pirogyra to eosin after immersion in 
glycerol or in hyi)ertonic sugar solutions do not, of course, affect 
tile validity of these outward diffusion data, 

Hoagland and Davis (1923) used Nitella davata and found 
tlie [H‘] of the sap usually around pH 5*2, with occasional varia¬ 
tions in the range pH 4*8—5*8. They found, using NaOH and 
HCl for adjustments, that an external variation of tlie pH in the 
range pH 5*0—9*4 gave no change from pH 5*2 ±*1 in the sap 
within the cell, which was very slightly buffered as a solution. 
Variations of the external [H*] to pH 4*4—3*8 gave slight to 
decided injury, with accompanying loss of chloride. Further, 
an external pH 5*0—5*2 gave a large inward penetration, pH 6*2 
distinct, pH 7*0—7*2 slight and pH 8*5—9*0 practically no pene¬ 
tration of nitrate. 
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These critical observations give confirmation to MaoBougal’s 
(1926) notes on young cells of Oarnegia gigantva whi(?h show 
increased permeability and diminished water-capacity in acid 
and alkaline solutions; to Gaener’s (1924) observations on the 
relation of photo-periodic growth to the pH of the cell saj). A 
number of miscellaneous observations miglit be explained along 
the same lines, e. g. Irwin on Nitella and dyc^s (1922, 1923); 
Lilibnstern (1927) on Saprolcgniaceao optimal growth and 
development of oogonia; Petri (1926) on th(% killing of Ustilago 
spores; seed germination phenomena (see 8tiles 1927). 

The markedly selective permeability of the <iyt()i)laHm to 
carbon dioxide and ammonia has been demonst.ratc^d in d(d.ail 
by Jacobs (1920—1922) and these results have been used by 
other workers (Sakamuea, Brooks etc.) in controlling the intra¬ 
cellular pH of living tissues. One of the most noteworthy results 
is that, while the cytoplasm is shown to ho relatively imp(‘rm<*able 
to strong acids [cp. Bbthb (1907), Hakvev (1911, 1923), Oroziek 
(1916), Hoagland and Davis (1923), Keller (1928) and Wmut- 
HBiMEB below], an external alkaline mixture of (X)^ and NaH(•<)., 
raises the intracellular acidity, because the NaHOOg penetrates 
so much more slowly than the carbon dioxide. A solution of low(‘r 
pH due to HCl has not such a strong acidifying (rff(^<*.t as i.liis 
alkaline mixture. These new data give greater signifieanec t-o 
the older consideration of the carbon dioxides factor by Lilli ifl 
(1909), see Ghapter XVII, 

Although carried out with an animal nuunbrane (frog skin), 
the observations of Werthkjmer (11)27) are of consi(l(‘ral)l(‘ 
importance for jdant physiologists. Taking the prenu'abilil.y at 
pH 7*0 as a standard, he finds that it varies with the ])H and with 
the direction of the jierineation flow and with tlu^ substane<‘ 
permeating. If + = greak^r, — -- lesser and () -- unalt.(*n‘(l 
permeability the results may ho tabulated thus — 



1 Inner 

1 Outer 1 

<)i]t(‘r 

1 Inixu' 


reaction of the iiinersuk^ 

nMielion of t 

hi‘eut<‘r Hi<l<^ 


pH O-O 7-0 !)•() 

jpll ()*0 7-() <)•() 

Na(!I. 

() 

0 



NaaHP 04 . 

d- 

0 

- 

<) 

Trail benziuikcr.... 

+ 

— 

() 

() 

CUykokoll. 

+ 

1 


■1 


6*0 7-0 9-0 1 

1 (i-0 7-() 9-9 
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From these data it is clear that, when problems involving 
the relation of permeability and pH are concerned, (a) any possi¬ 
bility may theoretically be present, and (b) there is nothing to 
be done but determine experimentally the actual relation under 
the given conditions (cp. Irwin 1926c, for cresyl blue with 
Nitella and Valonia). The pH effects may or may not be present, 
and if ])re«ent they may or may not be effective in controlling 
the other pluuioniena the explanation of which is being sought. 

WJSRTHJBiiviHSR (ibid. p. 620) also gives a list of organic acids 
in llio order of their degree of penetration with carbon dioxide 
at tile top and lactic acid at the bottom; with tartaric, citric, 
oxalic, Hul]3hurie and hydrochloric acid labelled ‘*impermeaber*. 
He also gives ammonia and trimethylamine as permeating, 
dimethylamino slightly permeable, NaOH impermeable. Concen¬ 
trations over N/lOO, especially for the stronger acids, were found 
to be injurious. It does not follow, however, that when a mem¬ 
brane is impermeable to acids it is also impermeable to more or 
less neutral, dissociated or undissooiated salts of these acids 
(cp. Irwin 1926a, b, c, Pfeiffer 1927 and Keller 1928). This 
becomoH important when dealing with the movements of buffering 
substanceis. The jiermeability to weak bases has been dealt with 
r(‘-c<uitly by PouXiwi (1928), but the natural applications seem 
very limited. 

(f) Equilibrium Points and Buffers, At one time a critical 
and (U^tailed review of the literature on so-called “isoelectric’' 
points in plant cells and tissues was ])roposed for this section, 
and notes w(‘re taken of the observations and conclusions of about 
two doz(Mi autliors; ])ut, in view of the facts concerning buffer 
action and its influence, this has been abandoned. These points 
may or may not Ix^ ‘'isoelectric”; further eiupiiry may elucidate 
this; but the one clear determination is tliat given by C^olla 
( 1928) using cytoplasmic granules and MicirAELis' cata])h()resis 
method microscopically. He records for (>hara crinita an isoelectric 
740110 ranging from pH 5*4 to pH 6*2 for the cytoplasm, with the 
actual i)H of the vacuolar sap at pH 6*6—7-0, the cytoplasm at 
pH 6-4—5-6 and the contained protein granules at pH 6-2—5*0. 

All the other “points” recorded would be lietter described 
as “e([uilibriuin ])oints”. The basic contribution is that by Youden 
and Denny (1926), followed by an additional paper (Denny and 
Youden 1927). These authors do not deny tlic possible existence 
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of real isoelectric points, but they give conclusive evidence that, 
in the case of potato tissue, substances come out of the tissue 
into the immersion fluid and that these soluble substances, which 
are not proteins, are capable of exerting in watery solution 
95 — 97 % of the buffering effect observed when the tissue is 
placed in external buffer solutions of various acid pH values, 
and 76% of the effect in solutions of various alkaline ])H values. 
The final value to which the external fluid is brought is usually 
around the actual pH of a watery extract of the tissue. These 
equilibrium poilllH were for slices of apple (pH 3'45) and ])otato 
tuber (pH 6'25—6*4); for potato roots (|)H 6*4) and barley roots 
(pH 7*2); for corn (pH 5 or 6*3), wheat (pH 6*4) and rye seeds 
(pH 6*25); and for the matted hyphae of Monilia sUophilia 
(pH 5*6). 

The demonstration of this phenomenon is proof of what 
might have been expected, since the addition of a buffer solutioii 
to a solution of different pH shifts the pH of the mixture in the 
direction of that of the added buffer solution. A weak acid and 
salt mixture behaves, in fact, like a ])lant tissue with an isocdee.iric 
point at the pH of the acid-salt mixture. Wlu^n 75—1)7 % of the 
effect can be shown to be duo to soluble buffering substanec^s, 
the attribution of anything but a subsidiary Hignifuuin<H% to 
])roteins, cytoplasm or wall, is not jusiifuMl by th(^ facts. 

IIlehla (1028) claims to have established for Opunfia tissiu^ 
a buffer effect which is indcpendtMit of any subst-anec^ leaching 
out from the tissue. A close analysis of the actual data, shows 
that: — 

1. With external fluids below pH 5’0 (H(^l) both time reflations 
and final pH (32 hours) arc almost the same for normal living 
tissue and tissue, killed by heat, chloroform or a-hiohol. 

2. With external fluids above pH 6*0 (NaOH) ih<f t ime r<fla.l.ions 
are different but the end point (32 hours) is mu(!h th<f sanu' 
for normal living tissue and tissue kill(‘(i by heat ing or chloro¬ 
form. The alcohol curve shows a different end j)()int (32 hours) 
but this should bo compared with the gra})h for outward 
diffusion in alcohol from Pelargonium., another acid lissiuf 
(see above, p. 56). 

3. The imbibition curves (Ulehla, p. 407) clearly indicuito injury 
below pH 3 and above ])H 9,8 giving results (at ])H 1 and 
pH 12*5) very similar to those of tissue killed by chloroform. 
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Such, 8;11 show thstt imhihition is si phcnoixiciioii of living 
tissue while the buffer effect is mainly a non-vital phenomenon. 
4. On p. 481 details are given which show that buffering sub¬ 
stances do not leach out oiOpuntia tissue into water, other 
than (jarbon dioxide which is boiled off before a reaction 
botweon pH 7 and pH 8 is found for the immersion fluids, 
'Phis it taken by I'Ilehla as proving that malic acid or malates 
do not diffuse outwards from the same tissue in contact with 
various concentrations of HCl and NaOH, but if there is any- 
tiling in the observations recorded in the previous section of 
this chapter (p. 318) there is still a distinct possibility of 
exosniosis of buffers under Ulbhla’s experimental conditions. 
i^LEHLA, therefore, does not prove his contention and the 
internal evidence is all in favour of an outward diffusion of 
buffering substances into his experimental immersion fluids. 
l'’he point could easily be settled by taking a titration curve of 
the external immersion fluids before and after the tissue has 
been soaked and constructing two buffer index curves. Similar 
buff<T indexes with the tissue removed from the fluid, would 
support TTlefila’s contention satisfactorily; but a rise in the 
buffesr index of the fluid after immersion of the tissue would 
sujiport YoiniENf and Drnnv ; while a comparison of the second 
curve with a buffer index curve of the fluid plus tissue in the 
same volume of immersion solution would establish quanti- 
tativ(‘ly th<‘ relative ini]lortance of sap buffer-systems and other 
I)uff(‘r-Hys1<»ms in the effects observed. 

^Fhis appanuit “isoelectric” effect of any soluble liuffer- 
systcMU and tlu^ (^lianges in external ])H induced by outward 
diffusion of buffers, not only leaves mucli of the work on “iso- 
(‘l(»<itri(i points” of })lant tissues under suspicion ])ut it would also 
s(M*!n t.o involve th(‘ earlier work of Stiles and tloiuJENSEN (191;)) 
a.nd Hind (Ibib) (see Steles 1924, ]>. 198 and this volume ]). 33S), 
wheu’e the reduction of [H J in the external fluid was taken as 
(‘vid(uic<' of absorjition of hydrogen ions by the immersed tissue. 
Th(‘ possible outward diffusion of buffering substances confuses 
all tliese issues, until it is quantitatively determined, as Avas doiu' 
by Youdbn and Denny. 

The “isoelectric point” records may be treated as 
points. When an observed process or j)henomenon A is controlled 
by two fa(d.()rs y and Z, and wlum thcs(^ two factors y and Z are 
I‘ri)t<)pksma-M<>iu»<j;raphit*ii 11: Sniuil 21 
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governed by the hydriou concentration in oppoHito diroctionH, ho 
that the cxirve relating y to pH cuts the curve relating z to ])H in 
the form of an X, then the observed process or jdienonKMion A will 
reach an e(][uiHbrium point (maximum or mininium) at the i)oint 
on the pH scale where the y and z curves intersec-t. WIuto there 
are more than two factors concerned the maximal or minimal 
regions will tend to become broader zones on the pH H<^al(\ instead 
of a more or less definite point. 

A good example of this is found in the formation of two or 
three kinds of oxalate salts and two or three forms of (crystals of 
calcium oxalate at various pH values (see p. 100 and PFKrKFWu 
1925b). 

Tn each record of an equilibrium ])oint, the doierrninatioii of 
the factors y and z and perhaps others luis still to be <?arri<*d out; 
even Yoitdbn and Denny fail to analyse quantitatively tin* buffer 
systems present, as has been done by Marttn, Inoold and 
AjRMSTRONCi (q.V.). 

It may be useful to point out here that organic ac^ids tend 
to increase in buffer capacity below pH 5*t), wliih" phosphate^ 
and bicarbonate systems tend to increase in buffer (*ai)acity abov<» 
pH 6*0. Both types of buffer systems usually reac.h a minimum 
between pH 5*0 and pH 0-0. A factor which tends to incn'ast' 
the [H ] below ])H 5-() is met not only by a rapidly increasing bufbu* 
capacity of the system already present but- may in its(‘lf t(md to 
increase the p value. Similarly a factor which itmds to (l<»<T(‘a.s(‘ 
the [H‘l above pH (rO is met by an iiuTeasing buff(T capacity of 
the carbonic acid — bicarbonate^ system usually pnvscuit and 
possibly also of the ph()S])hate system which is (M)mmonly presimt. 
The result is a natural tendency for tlu'se e(jiiilibriiim i)<)ints to 
occur in the valley of the buffer index curv(‘ for t.li(» systiuns 
present, usually in or near the [H ] range pH 5-0—<>•(). 'riu* 
natural pH of normal plant cells is also in this rang<‘, with (‘xc(‘p- 
tions due to change in the metabolism on both acid and alkaline 
sides. Olehla’s equilibrium ])oint with H(ll and NaOH and 
an organic acid which tends to break up in light, is naturally 
around pH 5'(). 

Concerning proteins and their isoelec.tric points — th(‘S(‘ 
have been determined for proteins as isolated (see Lokb lt)22 
and others such as Osborne, Pattli and Robbkthon) : but as 
ViAs (1925, see also Reiss 1929) x)oint.s out, in living cell tlu^ 
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proteins, by reason of their ampholytio properties, are abnost 
sure to form complexes, with the possibility of a large variety of 
complex proteins which split up into simpler substances during 
the manipulation for isolation. This variety of protein complexes 
might exhibit a large number of partial equilibrium points (cp. 
STEuaOBB, Robbins and others) and would tend to show zones 
of “isoelectricity’* rather than points (cp. Colla, Kopaozbwski 
1926b and others). Finally many of the so-called isoelectric point 
data deal with the destruction of these colloidal protein complexes 
and the consequential death of the cell, cp. Pearsall and Ewing 
(1924, 1927), SxJSABTA (1928) for Carcinus sperms, and others. 
Whether an equilibrium point of any kind is involved or not in 
these cases still seems doubtful. 

Kopaozbwski (1926, p. 246) appears to have been correct 
when he wrote “Pour toutes ces raisons, il faut considferer la 
conception de Loeb comme une simplification dangereuse, il faut 
emp6cher les chercheurs d’engager leurs recherches dans cette 
voie; la somme d’4nergie qu’ils consacreront k ce sujet sera en 
grande partie perdue**i). 

(g) Membrane Buffering, Although the external buffering 
effects of tissue may be largely explicable by means of diffusing 
buffer substances, there are other aspects which must be considered 
— firstly the apparently very stable reaction of the cytoplasmic 
layer; secondly the fact that acid sap content is of frequent 
occurrence, combined in some cases with a much less acid cyto¬ 
plasm (sec Lundegardh 1922, MacDougal 1926 and I'^lehla 
1928 for cactus cells, also Fluby 1927 for stinging hairs of Urtica 
containing acetic, butyric, formic and other acids, also Chapter X 
and many other references); and thirdly the fact that strong 
acids do not peiudratc readily into the cell (see Jacobs 1920—1922, 
Smith 1923, Lapicque 1922, Hoacsland and Davis 1923, also 
many others). All these facts indicate that the cytoplasmic layer 
in living cells may exert a strong control over the pH of (1) itself, 
(2) the outward passage of acids and (3) the inward passage of 
acids. 

The cytoplasmic layer, containing as it does a relatively 
high concentration of proteins and also possibly of the ampholytic 
phos])hatides all in a colloidal condition, is sure to have a marked 

1) For a detailed criticism see Kopaczkwski 192(5Ij. 


21* 
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effect upon the movement of ions of both kinds. This is emphasised 
by Pfeiffer (1927) and Keller (1928), and explains the high 
buffer capacity of the cytoj)lasm so far as its own intc^rnal 
reaction is concerned. 

The j)assage of acid or basic substances through this layer, 
either outwards or inwards, must be governed by the conditions 
within the layer. Whether these conditions are as postulated in 
the filtration, lipoid, mosaic, jwlsorption or elec^trocapillary 
theories of permeability, the buffer effccit remains. 

Moore, Roaf and Webster (1912) suggested that th<’> non- 
penetration of sxibstanccs is not due to the strue.ture but to tlu' 
colloid contained in the membrane. This view re(*.civ('is consi¬ 
derable support from the close similarity in buffering and other 
properties of an artificial cell containing cholesterol dissolvi'sd in 
lecithin to the extent of 0*1 % to 1 % of the leeithin-<tholest.(U’ol 
component (MacDouoal and Moravek 1927). Oelatin and agar 
formed the basis of this protein-phosphatide colloidal nuutibraiu^. 
Studies were made of its permeability to various ions and mol<u*\des 
in relation to pH, and maximal or minimal i)oints arc r(‘(u)rde(l 
at various pH values, e. g. 2*9, 4*5, 4*05, 5*4, 0*5, 7*25 and 7*3. 
The internal pH was found to remain almost. unaltcTCMl wlule that 
of the immersion fluid varied from pH 3*05 to i)H S-2, so that an 
undoubted controlling action was exerted by the r!icnibrano on l,h(^ 
pH of the internal fluid in relation to external changes (cp. LAPKjguw 
for Spirogyruj also Hoaoland and Davis 1923 for Nitvlla), 

In addition to the suggested anipholytic? huff(*r (4f(‘cts of 
the ])hosphatides, there are the buff(‘r (effects of ('I<»<'t.rocapilIary 
])lienomena, all affected by the pH as it reac^ts upon tJu^ hydrat ion 
c*ai)aeity and the density of the charge on the colloidal substrat(‘. 

Under natural conditions in the living c(»ll this nuMubraia* 
buffering would apx)ear to control the internal pH of t.lui cyto¬ 
plasmic layer and the inward or outward passage^ of acads or 
alkalies as such but not as salts, and it must b(‘ reuuunlxa'od that 
this particular buffer effect is ])robably limited to th(‘ cytoplasmic 
layer, and that the reaction of external fluids or internal vacuolar 
fluids is governed ])y other factors. Finally it should be noted that, 
carbon dioxide and some of the weak acads as well as ammonia 
and one or two weak alkalies pass readily through the (tyt-oplasmic^ 
layer and are capable of altering to quite a <*.<)nsi(l<u‘abhi degree 
the reaction of internal or external fluids. 
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CELL SAP Am pH 

1. The real pH of Coll fcsap. — (a) errors of methods; (b) pH values recorded; 
(c) pH values in relation to errors; (d) can the real pH be determined ? 
(e) the evidenoc. 

2. pH and Cell Sap. — (a) enzyme action and pH optima; (b) carbon cli- 
oxide cffecits; (c) acid-producing metabolism; (d) oxalate crystals; 
(c) colloids in sap; (f) proteins in sap; (g) equilibrium points and buffers; 
(h) membrane buffering, sap and cytoplasm. 

1. THE REAL pH OF CELL SAP 

Unlike the body fluids of animals, the cell sap of plants 
can rarely be obtained free, unmixed and in quantity but, unlike 
the cytoplasm, the cell sa}) is not completely dominated by 
colloidal phenomena and there is not the same lack of critical 
evidence in this case. 

(a) Errors of Methods. These have been dealt with in Part II 
of this monograph and it is only necessary here to emphasise tlie 
importance in connection with cell sap of two errors — 

1. T1i( 5 carbon dioxide error of hydrogen-electrode determinations, 
which renders most of the records obtained by these metliods 
opcui to serious objection and leaves them as records of more 
or less residual pH values, with the important carbon dioxide 
factor more or less neglected according to the d(‘gr(‘e of pre¬ 
caution used. This also applies in some degree to certain (‘olori- 
mctric determinations, especially tliose with expressed sap. 

2. The error of mixing, which applies to all cases where sap has 
been expressed from organs in which there are differentiated 
tissues with possibly different saps. Expressed sap from 
uniform tissues, when it has been centrifuged or filtered quickly 
can be taken with due precaution as approximating to the ori¬ 
ginal cell sap. The possible adsorption of buffer substances 
by the broken tissues may make a difference of some signi- 
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fioanoe between the pH of oxprcHHod Kaj) and tli<% original pH; 
op . Hoa(ILANJ) and J)avis (H)23), also Dixon and Atkins 
(1913), HOC ]). 270 in Chapter XIV above. The. sorious aspect 
of this error, however, lies in the actual mixing of different 
saps and the mixing of cytoplasmic substances with the (sell 
sap oven in centrifuged or filtered juices. 

llio various other errors detailed j)roviously may becunne 
important in special cases. 

(b) pH Values recorded. Bknntut, Andmussmn and Mn.Ai) 
(1927) using a suction method in which the carbon dioxide fae.tor 
could be adequately controlled, found that the ‘frec^’ trachc^al saj) 
when allowed to reach equilibrium with the air varied with the 
soil in which the tree grew — clearly a buffer effect with carbon 
dioxide an effective factor. The values for this residual pH ranged 
from pH 5'5 to pH 6*4 on acid soils, and from ])H 7*0 to pH 7-a 
on soils rich in lime. On expelling (the remainder of) th(% (jarbon 
dioxide the [H ] fell to ])H 8*0. The reaction of the sa]) while 
still in the vessels was not determined but ‘‘is ])robably kej)t 
somewhat acid, even when carbonates (? bicarbonates) are 
l^resent by the relatively high COjj concentration present”. 

Fol (1906) recorded pH 5*7 for the latex of Ficus clastira 
another ‘free* fluid, also j)H 4*24 for juice of nearly ripe's ])ear and 
pH 4*52 for ripe grape juice. Claiik and Luns (1917) recorded the 
following values for food-fluids — 


JSubHtanco 

pH 



raw 

.•\utocla V(m1 

vinegar . 

2-3(!—3-21 


beer-wort. 

4*91 -S’nr) 


maple syrup. 

(>•75-0-8 


silago juice. 

3-70—I 


apple juice (1). 

3’7()-.')*()r) 

3*8 

prune juice. 

412 -9*44 

.P3 

carrot juice. 

r)-2l-9-27 


cueumber juice. 

.5-08 

.5*1 

apple juice (2). 

502 


string bean juice. 

5-23- 8()3 

5*2 

banana juice. 

4-62 

4*0 

potato juice. 

0-00-9*44 

0*1 

sweet potato juice. 

5.80—8*73 


beet juice. 

6*07—8*76 
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Commontiiig on tlioao results McClendon and Shaep 
(1910) say that the juices wore apparently kept for long periods 
and became more alkaline possibly by fermentation changes, a 
suggestion which is supported by the records for autoclaved 
juices. It will bo noted that the first values (for fresh juices?) 
all lie within the range pH 3*70 for silage juice to pH 6-07 for beet 
juice. This agrees with the R. I. M. determinations given in pre¬ 
vious chapters, where the values for sap are rarely above pH 6*2 
and rarely below pH 3*4. 


McClendon and Sharp (1919) give their own records for 
food juices as follows — 


Substance 

pH 

raw 

after boiling 

young carrot juice. 

5*86 

5*80 

potato juice. 

‘ 5-57 


cabbage juice. 

6-90 

5*78 

orange juice. 

3*55 

3*55 

lemon juice. 

2*32 

2*3(1 


They also give the values already quoted for Clark and 
Lubs, and cite a list selected by these authors from the litera¬ 
ture as follows — 


Substance 

pH _ 

flour extract. 

6-0—fi-C 

beer. 

3*0—4*7 

wine. 

2-8—3-S 


1*7 

lemon juice. 

2*2 


2.") 

grape fruit juice. 

30-3-3 

orange fruit juice. 

3*1-4 1 

rhubarb juice. 

3*1 

strawberry juice. 

3*4 

pineapple jiiiee. 

3*4—4*1 

tomato juice. 

4*2 

plant cell sap juice. 

5*3—5*8 


From these data it will be seen that the natural fresh ex¬ 
pressed juice of plants rarely shows a [H ] above pH 6*2, and that 
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a motabolirtm rosuliing in the prudiieiioii of large <juant.iti(‘.H of 
organic acids as in many fruits produces a {H'\ below pH 5-0. 

This and all the vali<l records given in (-hapters X—XIV 
gives us a comparatively solid foun<lation for the getmral state¬ 
ment that normal ])lant cell sap has a reaction in the range pH 5*0 
to pH ()’2, while disturbance of the normal metabolism usually 
results in greater production of organic acids giving values which 
may reach the high [H’] of pH 1*7 as in lime juice. 

(c) pH Valuer in relation to Errors. Amongst the re(*ords 
given in Chapters X—XI reactions above pH b-2 ar(» not. un¬ 
common. Practically all those high values were ()bt.aine<i by 
means of hydrogen-elcotrodo metluxls on juices which had l>e(ui 
partially or completely freed of carbon dioxide. All such records 
can be regarded only as residual values and of litt.lo or no int.(Test. 
when the reaction of natural coll sap is being (ionHidere<l. It, 
should also bo noted that records between ])H 4’S and pH (>-2 
are also open to objection, if the hydrogcn-elecdrode nu^ihod has 
been used, since the carbon dioxide factor may be (‘ffeetivo 
throughout that range mainly iis free earl)oni({ a<ud ((^spcxually 
below pH 6*2) but also as part of a buffer system in ac<u)rdance 
with the fundamental dissociation ratio. 

(d) Gan the real pH be determined ? The two <*rrors d(‘Hcrib(‘d 
above are so important that unless they are avoidcxl tlu' r(*a.l 
pH of cell sap cannot bo determined with any (*ert.ainty or with 
accuracy. In the case of free sap the carbon dioxid(^ (*rn>r has 
still to be avoided (cp. Bennett above), and the vahu^ pi! 5*2 
for free Nitella sa}) is only more or less ndiable (Hoaijuand and 
Davis). The various errors of indicator methods applical to living 
tissues render an R.I.M. interpretation necessary if lh<* n^sults 
are to bo considered as real pH values. Using this R.I.M. inter¬ 
pretation, colour data given by Rohde, Atkins and otluu-s can 
bo rendered more or less reliable. The R.I.M. data may b(‘ con¬ 
sidered the most reliable and most aetairate data y(*t. available* 
hut they are open to several objections. Firstly tlu' (udliiig of 
the sections may either stimulate the internal prodiu^t-ion of 
carbon dioxide or liberate the intt».rcellular e.arbon dioxide t.hus 
changing the cq[uilibrium in the whole system and imu-e'asing 
or decreasing the [H ] (see p. 271). Secondly imm<*rsion in 
indicator solutions may alter the permeability to carbon (lioxi<Ic, 
again possibly changing the pH. Thirdly there may have been 
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a certain mixture of saps of adjacent cells by diffusion when 
strongly alcoholic indicators were used. Fourthly there may have 
been some toxic effect in the sections immersed overnight before 
examination. 

Considering all these factors we must come to the conclusion 
that, the real pH of cell sap in any particular case has still to be 
determined, but at the same time the carbon dioxide factor cannot 
bo very effective below pH 4*4 in the presence of organic-aoid- 
salt buffering; and the lower values in particular, recorded by 
various methods, can be taken as reasonably accurate. Between 
pK 4*8 and pH 6*2 the variations and differentations found, using 
the Ri.I.M. can be taken as relatively true. The actual values 
(see Olapham, Lynn, Abmstrong and Chapter XIV) obtained 
by the improved R.I.M. can be taken as very near to the real 
pH, disturbed only by possible errors due to section of the materials 
which may be observed and taken into account as in the potato 
(Chapter XIV). 

’ (o) The Evidence. The evidence for the conclusions in the 
previous section involves the bulk of this monograph; since 
oytox)laHinio pH is almost negligible in the literature and the 
sj)ecial data for the cell wall are considered only in the following 
chapter. The reader may have realised before reaching this point 
that the reaction of plant cells and tissues is mainly the reaction 
of the cell sap. It should be unnecessary further to emphasise 
this here. 

3, pH AND CELL SAP 

I n dealing with the sap the factors and phenomena are those 
of fn^e solutions with colloidal and membrane effects more or 
less subsidiary. 

(a) Enzyinr Action and pH Opthna. These are given in 
(lha])ter XVT, and attention has already been directed to the 
(Uass A enzymes as acting ui)on substances such as sugar or inulin 
which occur in the sap, and storage starch or protein which occurs 
in the cavities of more or less dead cells. These enzymes hav(^ 
optima below pH 5-2, while a large majority of the other enzymes 
have optima between pH 5*2 and pH 6'2 which is the normal 
range for sap as well as the apparently constant range for cyto¬ 
plasm. 

(b) Oarbon Dioxide Effects. Carbon dioxide can cause a 
reversible liquefaction or coagulation of cytoplasm and readily 
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permeates through both plant and animal cytojilasni (see Jacobs 
1920—1922 and Hbilbrtjnn 1028 pp. 185—187). Those pheno¬ 
mena, combined with the metabolic production and utilisation 
of carbon dioxide in plants, place carbonic acid in a very important 
position in relation to the phenomena of hydrion concentration 
especially in the range pH 4*8 to pH 7*0, i. e. throughout the 
normal range of sap and cytoplasm reaction and higher on the 
alkaline side. The effectiveness of this carbon dioxide control 
of the pH of sap is considerably increased by the occurrence 
between pH 5 and pH 6*2 of a region of minimal buffer action 
in the organic-acid plus phosphate-bicarbonate complex of buffer 
systems. 

Theoretical, — Our knowledge of buffer complexes in plants 
is as yet very meagre, but if one looks through a list of pK values 
for buffer capacity maxima (e. g. Clark 1928 p. 678) one finds the 
following pK values — azelaic 2nd 5*6, citric 3rd 5'49, glutaric 
2nd 5'54^ itaconic 2nd 5*7, 1-malic 2nd 5*11^ malonic 2nd 
o-phthalic 2nd 5-41, pimelic 2nd 5-41, pyrotartaric 5*63, sebachi 
2nd 5*6, succinic 2nd 5*57, sulphurous 2nd 5*3, uric 5*8, histidme 
5*66, All the other acids, including the amino acids, have their 
maximal buffer indexes below pH 5*0 or above pH 6*0. Of th(‘ 
acids mentioned above glutaric, malonic, pimelic and histidine 
have been found but seldom in plants. The others are not known 
to occur in plants (cp. Czapek 1925 and Euler (1908) with the 
exception of the commoner acids, citric, malic ami succinic. 

Succinic acid is not very common and so wo need considcT 
only citric and malic acids. The presence of these particular 
acids with maximum buffer indexes above pH 5*0, will tend to 
narrow the zone of minimal buffer capacity i. c. the valley in thes 
curve of the buffer complex (see figs. 19, 27). Malic acid will 
tend to raise this minimal zone between pH 5*5 and pH 6*0 
(cp. Ulbhla 5*6) while citric acid will tend to raise it still higher, 
nearer to pH 6*0 (cp.YouDBK and Denny 6-2, and Inoold 
5*8 p. 281). The relative buffer cai)acities and relative concen¬ 
trations of the systems above and below the minimal p zonc'^ 
will determine its exact position on the pH scale. The citricj 
acid system in moderate concentration might easily dominate 
a moderate phosphate-bicarbonate complex, obliterating the 
hollow in the P curve altogether with unit-pH grouping as in the 
potato (fig. 20). 
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Thus we find that, although we know very little of the actual 
buffer systems present in plants, there are few buffer systems 
which could possibly produce anything but a buffer complex 
with a minimal buffer capacity somewhere between pH 6*0 and 
pH 6 * 2 ; one of those being a citrate plus phosphate system (see & 
cp. figs. 19 and 20). 

Again the basis for attributing an important r61e to carbon 
dioxide in the control of the internal pH is strengthened. Where 
the /? curve of the expressed juice slopes downwards all the way 
from pH 4 to pH 7*5, there would appear to be nothing available 
to keep the natural pH of the cell fluids below pH 8*0, except 
tho carbon dioxide content which is present in the living cell but 
largely absent from the expressed juice. 

Experimental. — The change in reaction produced in sun¬ 
flower, bean and potato saps in equilibrium with various concen¬ 
trations of carbon dioxide are tabulated on pp. 259 and 289. 
The necessity for determining these changes in a closed system 
should be quite clear since volatilisation of the CO 2 on exposure 
to air may lead to a change from pH 4*8 to pH 5*6 (p. 218). As 
a matter of fact, using a Sparklet siphon and carbon dioxide 
at more than one atmosphere pressure, a reaction below pH 3*4 
can be obtained by means of this acid alone. The above-mentioned 
data were obtained by Miss Martin, for the sunflower and bean, 
using tintometer bottles and the tubes from a Ganong’s photo- 
synthometor; but Inoold for the potato improved the mani¬ 
pulation by adapting the apparatus for capillator determinations. 
The details should be quite clear from figure 25 and legend. 

The reaction changes found are given in Chapters XII—XIV, 
and here in fig. 26. It will bo obvious that they are large enough 
to be of significance in the life of the cell, which is carried on 
with an intercellular atmosphere frequently much richer in carbon 
dioxide than the free air outside the tissue. Magness (1920) 
found tho intercellular carbon dioxide content to be 6*7—21*4% 
in apples, 12*2—28*6% in carrots and 19*6—34*4% in potatoes, 
with temperature as one of the dominant factors in CO 2 production. 

The curves in fig. 26 are practically titration curves of the 
sap with carbonic acid. Tho sunflower curve A A shows the result 
of very weak phosphate buffering (giving a rapid fall of pH w'ith 
5 — 10 % carbon dioxide) combined with little organic acid (cp. 
fig. 20 C); the bean curve BB shows the effects of phosphate buf- 
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fering with malate effects active al)ov(5 pH 4'S l)ut reinforced by 
the steep oxalate buffer increase below that reaction so that the 



Fig. 25. Apparatus for studying Carbon Dioxide Kffee.ts on tiu' j)H of 
plant juices. A — Ganong’s photoHynthometor tube, witli a a known 
atmosphere of carbon dioxide and air drawn in above mercury b: a 2e<*. 
tube c full of sap plus an equal volume of capdlator indicator atla- 
ched with the screw-clip d closed. The. opening of d allows the sap to 
pass through the rubber tube o while the menuiry flows b(»Iow. 'J’he 
clip d is then closed and the sap shaken with the carbon dioxidt^ for 
several minutes. B — a capillator capillary tube, c.c.t, is attacduMl by 
means of rubber tubing r. 1. to the upper end and a mercury r(w<*rvoir h 
with pressure tubing g is coiuxcctcd by means of a thick-walled (japil- 
lary tube f to the bottom below the clip d. The mercury reservoir is 
placed as figured so that the sap e is brought slmly up to the taj) T, 
now open, and into the capillary tube c.c.t., whore the tint can be com¬ 
pared with those of the standard capillator cards, ss-screw-clamp supports. 
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curve is quite flat (cp. fig. 19); while the potato curve CO shows 
the result of phosphate plus citrate with very little oxalate present 
(op. fig. 21). 

Bolas (1926) gives a convenient apparatus for the measure¬ 
ment and control of carbon dioxide content of a closed system 
in which natural conditions as regards that part of the environment 
might, with advantage, be used in many permeability studies. 
The relative merits of electrometric and colorimetric measure¬ 
ments are discussed by Cullen and Hastings (1922) but it 
should be quite clear by now that colorimetric methods are best 



in relation to such large concentrations of carbon dioxide. 
lioLAS used brom-cresol purple and found a mean error of I’So 
in 10,000. 

(Urboii dioxide effects have been studied in various connec¬ 
tions e. g. Lillik (1909) on stimulation; Kidd (1919) who found 
potato sprouting inhibited by an external concentration of 20 °o 
COqI Crozibr (1919) found a marked internal tension of CO., 
in Valonia sap, giving marked changes in [H*];; Irwin (1919) 
and Jacobs (1920) on external acidity and CO 2 ; Gustafson 
(1920), McClendon (1920) and Smith (1924) on external COg 
and respiration; Mottram (1928) who found a partial pressure 
160m. (about 20%) of carbon dioxide in cancerous tissues; 
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Thomas (1925) who found that carbon dioxide, even in the pre¬ 
sence of abundant oxygen, may cause the respiration of apple 
cells to be changed to a zymasic typo; Noyes and others (1918, 
1920) who found the shape of the root systems of various plants 
altered; and finally Jacobs (1922) who found important effects 
upon the physical condition of the proto])lasm. 

There are many other aspects of this — sec Smith (1923) 
on petal colours; Sakamura (1922) and Scarth (1924) on the 
toxic action of distilled water, traced by the latter to the ])H ef¬ 
fects of dissolved and unbuffered carbon dioxide. Olsen (1923), 
Bbnnbt (1927) and Olbhla (1928) are amongst the many who 
have found similar effects with unbuffered or weakly buffered 
experimental fluids. Enough, however, has been given here to 
prove the relative importance of these carbon dioxide effects 
under natural conditions of plant cell life, see also (Chapter Xl\' 
‘Wound Carbon Dioxide’, ‘Effects of Sectioning’, etc. 

(c) Acid-'producing Metabolism. Fungi, yeast and bacteria, 
by acting upon various proteins, amino-acids and carbohydrates 
produce a variety of organic acids such as formic, acetic, pro¬ 
pionic, butyric, caproic, isovalorianic, malic, succinic, i)h(uiyl — 
and indole — acids etc., (cp. Cameron 1928 pj), 198 sepj. and 
CzAPBK 1925 III p. 109). Citric acid and njalic acid are (jonunon 
in fruits of Eosaceae and Eibesiareae as w(dl as in (utrus and 
Vaccinium fruits (Czapek ITT pp. 107-8). 

The various changes which these organic*, actids may undcu’go 
in the presence of nascent oxygen or nasccnit liydrogen c^an ))(‘ 
appreciated better after a perusal of some* tre^atise on electro- 
organic chemistry such as Brockman (192()). 

It is, therefore, well known that intra-inokKuilar chang(*s 
and incomplete oxidations of carbohydrates frecpiently n*sult 
in the formation of organic acids. In the normal phini-nuda- 
bolism oxidation is complete to the stage of water and <;arbon 
dioxide. This carbon dioxide can ])ass through tlie e.ytoj)lasr»i 
and to a great extent out of the plant tissue*. It is (juitc* other¬ 
wise with the organic acids produced by what we may term 
abnormal metabolism. Some of the weaker of these may pass 
easily through the cytoplasm, e. g. benzoic, salicylic, j)roj)ionie 
and acetic acids, but the cytoplasm is almost impermeable to tlu* 
stronger commoner types such as oxalic, citric, malic and tartaric* 
acids (cp. Czapek TIT p. 110 co7i and Wertheimer pro), at any 
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rate so long as they remain free acids and do not become more 
or less neutral undissociated salts of these acids. If, therefore, 
these acids be produced within the cell vacuoles they will be 
largely retained there as acids. 

The consequences of this retention of free acid in the vacuole 
appears to have little or no effect as such upon the form of the 
plant or consistency, succulent or dry, of the foliage, see Chapters 
X—XT. Waksman, however, states (1928, p. 2281) that “oxidiz¬ 
ing processes have not been definitely proven to be enzymatic 
in nature; for example, the laccase of Medicago saliva, instead 
of being an oxidase, is sometimes referred to as a mixture of 
salts of organic acids and alkali earths; glycollic (CHgOH * COOH) 
and glyoxalic (CHO • COOH) acids predominate among the 
former,” also (ibid p. 232) “substances like oxygenase and 
peroxidase, only recently considered as oxidizing enzymes, begin 
to lose the attributes of enzymes.” 

The organic acids and their salts in the cell sap would appear 
as possibly important constituents of plant cells; quite apart 
from their undoubted roles — (1) as very effective buffer substances 
capable of keeping the reaction of the sap within the limits of 
the range which the adjacent cytoplasm can endure without 
serious injury, and (2) as acids producing the various degrees 
of [H*] which determine the relative activity of enzymes in an 
enzymatic rai'xture. 

For example, we write of these free acids being confined to 
the vacuoles. Suppose that free organic acids be formed in the 
cytoplasm, competition between these acids and the other base- 
containing substances in the cytoplasm will at once develop, 
whether the bases are adsorbed by lipoids like the calcium whicli 
reacts to give Heilwrukn’s ovothroinbin (1928, C'hapter 
Xlll—XIV) or whether they are bound chemically, a certain 
pro|)ortion of base will be transferred to the freshly formed or¬ 
ganic acid. But in spite of this degree of neutralisation the re¬ 
action will be changed locally, a flow of calcium or other base 
to give an internal surface-precipitation membrane may be postul¬ 
ated, and the acid vacuole is formed; once formed it will maintain 
itself by the difference in [H*] with the resulting demand for 
base and attraction of calcium amongst other bases. Within 
limits, a fresh secretion of acid by the cytoplasm or an increase 
of acid within the sap system, would result in an enlargement 
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of the vacuole and the formation of a larger precipitation nnim. 
brane around it. The acid, in fact, would tend to remove the 
calcium from the membrane until an equilibrium waw cHtablished, 
with fresh formation of the membrane from the cytoplasmi(j 
phase of the system. 

(d) Oxalate Crystals. Oxalic acid is one of the <^ommoneHt 
organic acids produced by the above-mentioned abnormal meta¬ 
bolism, The pK values for this acid are 1st 1-42 and 2nd 4'30. 
Free oxalic acid is stronger than sulphurous aciid and mu(*.h strongc^r 
than any other common organic acid with the ex<ieption of makuci 
acid (pK ld)3; not known in plants, Ozapbk III ]). 87). The 
control of [H ] due to oxalic acid becomes, therefore, an imiioriant 
problem for the ])lant cell where the cytoplasm is usually injured 
by reactions which fall below pH 2*5 as a minimum. Injury is 
common at much smaller hydrion coiKJontrations. Th(^ control 
by salt-formation and buffering with an acid-salt plus normal- 
salt system around tlie second step (pK 4*30) would be c‘ff(»etiv(‘ 
but an acid plus acid-salt buffer sysk^rn wouhl bet of v(‘ry litth^ 
use around pH 1*42. 

The calcium flow for surface pre(5ipitation has hvim m(*n- 
tioned above, and while the oxalates of sodium or potassium 
are very soluble, calcium oxalato is almost insolubh^ at- a |H | 
a])ovc pH 1*5. Even with sodium or potassium pnsseni, th(u*(‘for(‘, 
the oxalate would tend to become entirely (calcium oxabik* arid 
to crystallise out. Below pH 4*0 tlie bulk of ih<^ salt- would lx* 
the acid oxalate Ca(H(ig 04)2 giving monoe.linic^ (Tystals (sex* j). 102) 
which would bo largo on account of the ooiKH'ntration and slow 
(Tystallisation; near ])H 5*0 the same result migbi b<* (wpix-kxl 
together with the appearam^e of a certain proport ion of t(‘t.i*agonal 
crystals of (iaC <204 small on account of the l(‘ss(‘i‘ (x)ne<Mit.ra,tion 
of CaC 204 . Beyond pH 5*0 the proportion of aedd salt, would 
decrease continually, until at pH 0*0 there would few or no 
monoclinic crystals, and the normal salt with largcu* t<‘t.ragonal 
crystals would be jiredomimite. The drusy (u*ystals numtioiuxl 
by Pfeifkkr (see ]>. 101) may be a hydi'ated form of thc! normal 
salt, or their formation may depend upon the relatives solubility 
or speed of formation in the various media which he us(^(l. '’Ili(u*(‘ 
is some evidence also that the monoclinic salts have two, while* 
the tetragonal salts have six inolecuk^s of water of (iryst-allisat-ion 
(CzAPEK III, p. 68). 
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In any case, we have two interesting results — 

1. The formation of oxalic acid is accompanied by vacuole for¬ 
mation and the crystallisation of calcium oxalate. The cyto¬ 
plasm is thus protected from an injurious [H*] of pH 1*42 
or lower. 

2. By observing carefully the crystal form of calcium oxalate 
wo can arrive at an approximation to the pH of the sap of 
the cells in which they were formed. 

(e) Colloids in the Cell Sap. There is no evidence of the oc¬ 
currence of colloids in the vacuolar sap of ordinary plant cells, 
but tlicre is no doubt that special cells, such as the guard-cells 
(SoAKTii p. 92), hypodermal and bundle-sheath cells in Bryo- 
phyllum (Lynn p. 127), hairs of many plants, etc., occur which 
contain colloids in their vacuoles. These in many cases are hy¬ 
drophilic colloids such as gums, mucilages, pentosans, gelatinous 
and pectin substances, proteins and phosphatides. Normally 
these colloids are confined to the cytoplasm and the cell wall, 
but in these special cells they invade the vacuole. 

The effects of [K’l changes on the non-amphoteric colloids 
are still obscure. Mac Doikul’s mass of data (1920) yields little 
of precise value, on account of the mixture of amphoteric and 
other colloids used and tlie almost comideto absence of precise 
])H values for the mixtures of acids and salts used. Proteins 
would appear to bo rare in vacuolar sap (see below) and phos- 
])liatid(‘s, although they are amphoteric (see (Iameron 192S, 
Prydio 192S, also MacDoikjal and Moiiavek 1927), are so recent 
t hat, no certain data are available as to their occurrence in sa]3. 
'rh<^ increase of tlie hydrophilic forces of jn-oteins and other 
amphoteric colloids with increase or decrease of [H | around 
a particular zone is well known. • The other colloids are hydro¬ 
philic by virtue of their surface charges and it would seem theore¬ 
tically probable that changes in the density of the charge would 
result in changes in the hydrophilic properties. Accurate work 
is necessary, but the phenomena of colloids in the sap are not 
of general significance, although they may be important in spe¬ 
cial oases, as in guard cells of stomata and in some succulents. 

(f) Proteins in Cell Sap, Considering the very small quantities 
of protein found in expressed juices by various workers (e. g. 
Hurd-Karrbb, Youdbn and Denny, Martin and Inuold) 

CroU^plasma-Moiioftraphion TT- Small 22 
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and that these juices arc crushed cells with cytoplasmic admixture, 
it would seem that proteins in the vacuolar sap can be regarded 
as almost negligible. 

(g) Equilibrium Points and Buffering. As has been already 
pointed out (p. 322 and ]). 331), in the absence of citrate buffering 
there is normally, in a buffer complex of organic^ acids and phos¬ 
phates, a minimal P zone which varies in posit ion but. is usually 
in the range pH 5-0 to pH 6*2. With oxalate buffering (JombiiUHl 
with a strong phosphate concentration the minimal f{ zom*! may 
go lower. 

In the form of more or less neutral salts tlu^se buffering 
substances may diffuse outwards. For example, in t.he work of 
Hind (1926) and Stiles and Joecjensen (H)1/)) an increase' in 
the external electrolytes (increased conductanc(’i) was found to 
be associated with the decrease in external [H’| and a r(‘-inter- 
pretation of the data upon the basis of an outward diffusion of 
buffering substances (cp. Stiles 1928, on exosmosis), instxwl of 
an absorption of hydrogen-ions, might i)rove to be a valuabk' 
contribution to this aspect of the subject. As anotluT (^xamph', 
the substances indicated, but not identified, by Youdkn and 
Denny are such as would normally occur in the sap ratlu'r than 
in the cytoplasm. 

Thus we arrive at the conclusion that the bufh'r systc'ms of 
the vacuolar sap should bo known both cpialitativoly and (juanii- 
tatively before any attempt is made to exidain |H’| ph('nomena, 
external or internal, by a])pcal to the unknown prop('rt.i('s of an 
unknown cytoplasmic mixture. If the known action of th(‘ va¬ 
cuolar sap explains the observed phonomcuion w(' can n'st satis¬ 
fied; if not we may tlicn suggest cytoplasmic^ eff('(d.s. 

(h) Membrane Bufferings Bap and Ci/toplasm. W(' hav(' 
seen above (p.323) that cytoplasm exerts a buffer action by 
IDreventing the passage of stronger acids or bas<'s. This may 
result in acid vacuoles or even in some vacuoles being acid with 
others relatively alkaline (cj). Mbtohnikofk), while the cytoi)lasni 
remains somewhere between pH />*() and pH (r2 (cp. Hoaoland 
and Davis 1923). Given the largo protein and j)hosphatide (^onUuit 
with the consequential Jargo buffer index of the <iytoplasm ihen^ 
is nothing unexpected in this arrangement. 

The acids of the vacuole cannot as acids pass into a strongly 
buffered medium of higher pH. The pH of the cytoplasm is held 



CELL SAP AND pH 


339 


unaltered by the buffer capacity of the cytoplasmic mixture so 
that an acid system entering this medium has its pH raised, 
with a consequent change in the acid-salt ratio towards that 
which occurs at the pH of the cytoplasm. The acid system 
becomes mainly slightly acid salt plus neutral salt, and in this 
condition it may or may not pass through the cytoplasm. The 
balance of the evidence is in favour of a certain degree of permeabi¬ 
lity of the cytoplasm for (neutral ?) citrates, malates and tartrates, 
while oxalates as we have seen are crystallised in the vacuole 
in the form of calcium salts. The relative solubilities of potassium 
and calcium salts in the vacuolar sap are not sufficiently different 
to lead to the exclusive formation of calcium salts of the other 
acids. 

The cytoplasm and sap are, therefore, to be regarded as 
quite separate systems from the pH point of view, with a possi¬ 
bility of the constituents of the sap passing outwards through 
the cytoplasm, but with little likelihood of cytoplasmic invasion 
of the sap system in the normal cell and practically no possibility 
of such a mixing in the case of cells with strongly acid vacuoles. 


22* 



CHAPTER XVIII 

CELL WALL AND pH 


1. The real pH of Cell Walk. — (a) errors of methods; (b) j)H values re¬ 

corded; (c) pH values iu relation to errors; (d) can the pH be d(‘ter- 
mined ? (e) the evidence. 

2. pH and Cell Wall. — (a) cellulose; (b) li^y^nin; (e) siiberin; (d) (uiiin; 
(e) equilibrium points; (f) membrane buffering; wall, e.ytoplasm and saj). 

1. THE REAL pH OF (ELL WALLS 

Whereas the conditions in the sap appear to be similar to 
those of free aqueous solutions and those in the cytoplasm are 
dominated by protein and phosphatide colloids, the plant cell 
wall must be regarded as usually a cellulosic colloidal gel with 
aqueous solution in the disperse phase, with variations caused 
by admixture of pectin substances and other types of substaiu^es 
such as lignin, suberin and ciitin, which further may form mon^ 
or less pure layers of non-cellulosic nature. The determination 
of the pH of such material j)resents considerable difficulti(‘s. 

(a) Errors of Methods. Some of tlie metliods appli(‘abl(‘ to 
the vacuolar sap can be applied to the aqueous fluid of the walls 
and the same errors wiU be possible. Using microscopic; examina¬ 
tion of sections or pieces immersed in indicator fluids there' will 
be several other errors of special importance in connection with 
the wall fluids. Expressed sap results can ho neglected caitirc'ly 
and hydrogen-electrode methods would a])pcar rather impossible'. 

Using the the main difficulty is that tlic wall fluids 

are free to mix with the indicator fluid. Unless tlie wall fluids 
are moderately acid in reaction and moderately buffered, tbey' 
will show the general colour of the immersion fluid cvem afic'r 
being rinsed in neutral water. This is the neutral colour in all 
cases and so there will be always indeterminate results. 

The solid phase of the wall is naturally insoluble in watcu* 
and will not show the normal dissociation phenomena of aqueous 
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solutions. The B.I.M. letter symbols are, therefore, used through¬ 
out the discussion of solid phase colour records. Indicator 
dyes may not be taken up by the wall at all, or they may be ab*. 
sorbed or adsorbed to a varying degree. The actual tint of the 
indicator in this case will depend upon various factors, such as 
time of immersion, time of washing, physical condition of the 
wall and its chemical composition. Tint-comparison methods 
are, therefore, to be avoided completely. 

Colour indications, as used in the R.I.M., avoid the errors 
of tint-comparison methods, and definite coloims are obtained 
for some types of cell-wall, solid phase as distinct from wall 
fluids. 

The lipoid error, which may be important in some cell walls, 
has boon discussed in detail on page 30, and is further considered 
below on page 344. 

(b) pH Values Recorded. Atkins gives some data for coll 
walls which are, so far as definite colours are concerned, in agree¬ 
ment with those found by the R.I.M. (see p. 98). Throughout 
the R.I.M. survey it was found that cellulosic walls never gave 
distinctive colour differences, except in the potato and when the 
cell-sap was of the acid type as in the various acid families. The 
colour-changes in the walls of Pelargonium and some other gene¬ 
rally acid stem tissues corresponded closely with those given 
by the sap, but the colouration was not so deep; and a clear colour 
flifferonce was found under certain conditions for the potato 
tuber and in Taxus. This may indicate that the wall fluids of 
cellulose walls are more or loss of the same pH as the cell sap. 
Whore the cell-sap is yellow with diethyl rod and yellow with 
broin-crosol purple (pH 5-9) the faint yellow is very difficult 
to distinguish from the natural colour of the wall and still more 
difficult to distinguish from the neutral tint of the indicator 
fluids. 

The other wall-colour changes obtained may all ai)ply to 
th(j solid phase of the wall and, with a few exceptions, indicat 
relatively acid walls. These relatively alkaline exceptions are — 
1. The alkaline epidermal hairs of the sunflower (p. 192). Tliese 
are hairs with a multicellular base; the long apical cell gives 
a deep blue with BO.P. and B.T.B. and shows the alkaline 
colouration for P R., N.R., C.R. and thymol blue, but is 
colourless with phenol phthalein, thus indicating an apparent 
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pH between 9 and 10. This in the highcHt value recorded 
throughout our survey and appears to ho (pute oxcef)tional. 

2. The callus-blocked sieve plates of the phloem in the sunflow-cr, 
which are blue with B.C.P. but show no trace of blue with 

indicated range (pH &2 ca). The contents of the 
same cells varied from the range pH 5*2—4*8 up to pH 5*9 ca. 
This wall structure appears, therefore, of a similar reaction 
to the sap of some algae and fungi (see p. 93). There is no 
evidence, however, that the sieve-tube contents arc normally 
alkaline. The contents arc, in fact, frequently as acid as pH 
5*2—4*8 and have not boon observed to bo higher then pH 
6*2 ca. 

3. The walls of the sieve-tubes in Equisetum (see p. 9()) which 
gave the same reaction € as sunflower callus-plates, with 
contents also at pH 6*2 ca. 

Tho acid colour-changes were obtained mainly in lignified, sub- 
erisod or cutinised walls, tho acidity indicated was usually in th(‘ 
range h (pH 4*4—4*0) passing sometimes to k (pH <3*4), beyond 
which point wall reactions have not been investigated. It should 
bo observed that the lowering of tho apparent pH with progn'.ssive. 
lignification can be studied in a series of sections from the tip 
of tho stem downwards. Suberised walls also gave eoloiirs indi¬ 
cating range k (p. 194); cuticle varied from e (i)H 5*2—4*8) down 
to i (pH 4*0) or even to the k range. 

Acid colour changes, giving faint pink with DKR and MR, 
and alkaline colours with all the lower indicators (ranges e) w(*re 
also found frequently in collenchymatous walls, and (XHiasionally 
in sieve-tube walls and some apparently eellulosic walls of pa- 
ronchyma. 

(c) pH Values in relation to Errors. Liquid J*has<‘. -- A 
consideration of these data shows that the pH of tlu' fluid ])has<‘ 
of tho wall can be determined with as reasonable a d<‘gr(‘(' of 
accuracy as can that of the vacuolar sap, provided ibat the fluid 
is acid to DRR or MR or both; and that the ])H of a wall fluid 
between 5*6 and 6*2 is very difficult to observe. 

Less Acid Walls. — When the colour changes of the* soli<l 
phase of the wall are considered we come at once to the most 
obscure problem of tissue reactions. The structures giving nda- 
tively or actually alkaline reactions do not apj)ear to be soluble 
in water, but it is possible that wo are dealing here (a) witli rela- 
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tivoly alkaline wall fluids or (b) with bases adsorbed by the wall 
but still capal)lo of exerting a strong buffer action so that the 
carboiiio acid or other weak acid of the fluid phase does not 
produce acidification. Phosphates are not impossible (cp. Czapbk I 
p. 081); as calcium phosphate they would be relatively insoluble 
in the aciuoous phase. Pyrophosphates and organic phosphates 
api)car a j)OHsibility, especially after the recent work of Lohmank 
(1928). Other possible sources of the relatively alkaline solid 
phase arc the phosphatides, of which lecithin and kephalin do 
not appear very probable, while sphingomyelin is not yet known 
ill plants (PiiYDB p. 204). 

1110 ether soluble, nitrogen-free calcium phospliatide iso¬ 
lated by Ohibnall and Channon (1927) appears to be a distinct 
possibility since it occurs in jdants (cabbage and Bichms leaves) 
and shows an excess of unsaturated over saturated fatty acids. 
The fatty acids of this phosphatide are linolic, linolenic, stearic 
and ])almitic. As a calcium salt this phosphatide might give 
the colour reactions observed. Further work on this problem is 
suggested as of interest. 

More Acid Walls. — While it is possible that the loss acid 
walls are wet in the solid jdiase, the lignified, suberised, or euti- 
nised wall substances are generally regarded as immiscible with 
water. Normal ionisation phenomena are to be considered as 
absent from the more acid solid phase of the wall. The indicator 
dyes jicnctrate these acid walls and show colour changes, ‘acid’ 
colours with some indicators and ‘alkaline’ with others. Ap- 
])arently "somethitiff is being measured which is greater in relation 
to tlie higher indicators (BCP, DKR, MH) and lesser in relation 
to tlu‘ lower indicators. Inhere aj)])ears to hv a progressive increase 
of this with maturing of the cell-walls concerned, 

so that gradually becomes greatei‘ even in relation to th(' 
lower indicators (BAN, B(XJ and BPB) and then gives 'acuT 
colours with these indicator dyes. 

Tlie absence of water from these coloured solids jjossibly raises 
the problem of the dielectric constant and its influence upon 
ionisation i»henomcna. The presence of fatty acids and or salts 
or esters of fatty acids means that this constant would be very 
low. With water at 81-7, acetone at 20*7, toluene 2-31, benzene 
2*20, lignin and suberin would probably be lower still. The degree 
of ionisation of the indicator dyes in the walls would appear to 



344 


(IHAPTBK XVI n 


1)0 negligible. The 'somatUmf which is nn^asun^d is (flctarly not 
ionic ooncontratioii, ■whether ionisable hydrogen <Io(is or doc^s not, 
enter into these colour changes in acid cell walls. 

It is hero suggested as a possibility t-hat the cfolour c.hangi^s 
with acid cell walls are due to reactions between indic?at.ors and 
tlie fatty acids or anhydrides of the walls. Thus, if t.he acids 
of the wall are stronger, (not in their ionisation but in t.ljcir avidity 
for tlio alkali base of the indicator-salt), than the ac.id of th<‘ 
indicator-dye, tlie base of the indicator will pass t.o the wall- 
acid, even in a relatively non-ionised Jtiixture, leaving the. indi- 
(^ator-acid in the free condition. Whether this indicator acid 
shows the same colour under those conditions as it do(*s in a(iu(‘ouK 
solution is one of the chief problems still to be solved, and work 
on these lines is [)roceoding in this Department,. 

Pclargonic acid, CHjj((lH 2 ) 7 ( 100 H, may he numtioncMl as 
an intermediate ineinber of the a(H4ie-stearic. H(u*i<\s. 1 'his a-cid 
is an oily liquid, soluble in water only to the (^xtent of about 
•0025 percent w/v or, *00002 molar. The a(jU(‘ous solution giv(‘s 
acid colours down to BOO and alkaline^, colours with HIMiand 
thymol blue (acid range), indicating a j)H 4*0 ca. An (\xe(‘ss of 
the acid shaken with aqueous indicator solutions takes u)) tin* 
indicators and shows distinctly the acid (colours with neutral 
red, PR, BTB, BOP, BAN, BOO, B.P.B., and thymol blue (acid 
range), corres])onding to ])H 1-4. The ('olour given by MH and 
DEK is neutral with pure aeid a,n<l a<}U(^ous indi(*at.or solution, 
but the acid mixes freely with aleoholie. indicator solutions giving 
the deep red colour. When this alcoholic mixt.un‘ is dilul<*(i with 
three or four volumes of water th<’! aeid s(*parat<*H out earrying 
a deep red colour into the oily layer. The a(d,ion of mix<‘(l or 
impure solvents may bo effective, and the wall subst,anees may 
exert a similar action. 

The aeid iy])c of wall subst-anee eon(‘.erniug w’hi<‘li tlje most 
definite information is available is sul)(u‘in. Lignin still suff(‘rs 
from the hadromal eontroversy*), although the e{‘rel)r(>sid<‘ and 
})hoRphatide affinities of lignoeerie aeid may k'ad to a solution 
of this problem (cp. Ozapjak FII, p. 71)0). (^itin is similarly ob¬ 
scure. Concerning suberin, Soukti and Tommasi (1013, lOK) s<‘e 

1) For a convenient summary of the lignone complex, h(v Douhi-. 
and BamtoN'WRIGHT (1929). 
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dzAPKK I, p, ()98, III, p. 790) have shown that ( 1 ) the so-called 
]>liollonic acid is «-hy(lroxy-behenic acid C 22 H 44 O 3 or CH 3 (CH 2 )i 2 - 
(IHOH . dOOH a hydroxylated derivative of one of the acetic 
HoricH ( 1,1 Ha„ 02 ; ( 2 ) the so-called suberinic acid is ricinoleic acid, 
or (1H3((JH2)5CHOH CH^ * CH = CH • (CHg), • COOH, 
a hydroxylated derivative of one of the oleic series CnHan-gOg, 
probably oleic acid itself which written to show the similar struc¬ 
ture is (1H3((1Ha)6 • OHjs * (JH^ • CH = CH • (CHa)^ • COOH. The 
third fatty acid of suberin so-called phloionic acid, is according 
to S(HJRTi and Tommasi a tri-carboxylic acid with 25 carbon 
ai/Oins, derived from the usual fatty acids by oxidation. 

While these acids arc present partly as salts in the walls, 
tlu^ fi*ee condition in part seems indicated and the maturing 
(^hang(^s would then bo progressive dehydration with formation 
of })ossibly more complex and more acidic anhydrides. Hbr- 
KiA)TS (1924) found the fatty acids in potato-wounds more mobile 
at low pH and more easily oxidised at high pH values, whicli 
lattcM' promote the fixation of the fatty acids in the walls. The 
hydroxylation and the double bond are both factors which give 
a greater avidity for base to these fatty acids. The use of Nile 
Blue, which changes at a high ])H, as a test for free fatty acids 
and neutral fat would a])poar significant in this connection. We 
an* h'-d, therefore, to the tentative conclusion that, using the 
II. I .M. oi] aciid cell walls, we measure, not the pH, but the strength 
of the*, various fatty acids ])reseut. Further work is being done 
io test ibis hypothesis but it must be rcnionibcred that here we 
an* working in the region concerning which Clark (1928, p. 7) 
writes, ‘'Kven beyond the measurable lie cases for which the 
presumption of ionisable hydrogen is often useful.” 

(d) (Uin the pH he determined i As with cytoplasm and va¬ 
cuolar sap the answer to this question cannot be an unqualified 
Yes or No. 

The i)H of the liquid phase can be determined by means of the 
It.l.M., if the wall fluids are acid (belowpH 5-2), ])utnot if they 
arc between ])H 5*2 and pH 6 * 2 , the iJoints at which methyl red 
goes distijictly red and brom-oresol purjile goes distinctly bluish 
respectively. Beyond 6*2 the problem of whether the colours 
arc duo to the liquid or the solid phase or both remains unsolv'ed. 
T^he exanudes are very few, and this forms one of the special 
investigations which were looked for during our general survey. 
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The pH of the solid phase cannot, in the ordinary meaning 
of the symbol, be determined at all in the absence of normal 
ionisation; but by means of the R.T.M. we can nieasure something 
which may be the base avidity of the acids concerned, and after 
all hydrion concentration is only one way of measuring the strengih 
of acids. 

(e) The Evidence, In connection with the reaction of walls 
to indicator dyes the main evidence has been obtaiiuid <luring 
the R.I.M. survey and is detailed in Chapters X—XIV. Thes 
evidence, therefore, is entirely concerned with the reaction of 
the wall fluids and solid substances with indicator dyes, and it-s 
significance varies with the jdiase, fluid or solid, and wiib 
apparent reaction relatively alkaline or relatively acid. I'his 
has been discussed above. 

3. pH AND THE CELL WALL 

As with cytoplasm and sa]) wo can distinguish clearly 1 k^- 
tween the actual or apparent j)H of the cell wall and i lu^ inflmuKU', 
which the coll wall has upon the idionomena of hydrion coiiecm- 
tration in the cell or tissue. 

(a) Celluloae and allied rmteriah. According to OdjJjn (IbK)) 
the ordinary cell wall includes what he classes as i)ee.tin-sul)st.a,ncc‘s. 
A number of plant mucilages and gums wen^ included in this 
group on account of their known acid nature and lh<‘ir small 
‘rear solubility. The j)ectiim as defined wen^ eonsi<ler(Ml to be 
important not (uily as binding materials but also as pH n‘gu- 
lators. OnjflN discussed the effects of acids and alkali(‘s imiinly 
from the point of view of decomposition of caleiinn jx^etale ami 
the swelling of the i)ectiii thus liberated. 

According to Piuestlky (H)24) “fats, fatty aeids or soajis 
can bo detected in the walls of plant cells from a veny <‘arly stag<* 
and appear to be ju’oscTit as early as the (X‘llulos(' and p<*eti(‘. 
substances regarded as typical of the plant wall." saim‘ 

author emphasises the physiological importane(' of tlu^ fats and 
phosphatides found by Hanstken-Orannick in “Hie meinhram* 
of normal parenchymatous tissues.” 

A summary statement of the effect of acids in bursting (•(‘lls 
of various kinds is given hy Lloyd and I'^lkhla (H) 26 ). The 
material used includes pollen grains and jiollen t-uhess of Pha^votuti 
odoratuSf hyphao of the fungus Baeidiobolus ranarnm and api(‘al 
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rcgioiiH of the algae, Trentepohlia, Gladophara, Vaucheria, Bor- 
mtia etc. The high apood of action and the fact that the acid 
biirata the cella before it penetrates and coagulates the cytoplasm, 
in Bormiia changing a natural indicator in the cell, led TUhhla 
and Moravjbk (1922) to ascribe the main rdle in the explosion 
to the cell wall. They considered that adsorption of the hydrogen- 
iou by the wall changed suddenly the degree or sign of the electric 
charge. The cytoplasm of Basiobolus is almost or quite imperme¬ 
able to strong acids, including *00006 N HCl which gives bursting 
in 30—00 seconds from first contact. 

Lloyd, for i)ollon grains and tubes, concluded that the 
acid ponetrated both wall and cytoplasm rapidly giving first a 
swelling of the cytoplasm (leading to bursting) followed by coagu¬ 
lation. Lloyd and Ulbhla, in collaboration, came to the con¬ 
clusion that the sudden bursting in acid “is directly connected 
with sudden changes in the biocolloids whether they compose the 
cell wall or the protoplasm.*’ Methyl red was used as an internal 
indicator for pollen grains and changed from yellow to red within 
ten seconds or loss of the first contact with 1/800 N HCl in 1*5 M 
sucrose, but coagidation was found on immediate crushing of 
the grains under the cover glass. 

Later work, detailed in the abovcrinentioned joint paper, 
led those autliors to the conclusion that in the stipe of the marine 
alga Poatdsia pahnaeformis “some irreversible change similar to 
death haj)pons not only in the protoplast, but also in the cell 
wall.” ‘%Swelling curves obtained with dead material indicate a 
behaviour aj)proximately between that of agar and of gelatine 
gels with strong evidence of an isoelectric point at ca. i)H od).” 
d'his isoolecdTic point of dead material is probably not unconnected 
with the agar-like algal material used, but the “death” of the wall 
as well as of the cytoplasm introduces the conception of a “living” 
cell wall in which any or all of the pH })henomena of cytoplasm 
as described in Cha 2 )ter XVI may apj^ly. There might be a 
similar dominance of ampholytic colloids, as agar-like 2 )roteins 
or pectins or phosphatides with a similar strong buffering even 
in tlui region of the normal pH range, because of the large concen¬ 
tration of buffering substance; but strong buffering does not 
agree with the rapid i)enetration of the wall by strong acids noted 
by both these authors. Strong buffer action in any zone or film 
means relative insensitivity and relatively low permeability to 
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all strong acids or alkalies, at least so long as tlu» zoncr or film 
retains its original buffer capacity. 

We are, therefore, led to the coixclusioii that tlio ainpholytlc. 
colloid content of the wall must bo small enough to give a low 
buffer capacity, while it is largo enough to detonnino the electro- 
surface phenomena such as the sign and density of the charge*, 
an alteration of which gives rise to the ‘deatli’ phenonxeiia 
observed. 

With the electrically neutral general cellulose frame-work 
we must clearly be prepared to have other substances whiesh may 
have a marked effect upon the reactions and permeability of the 
wall to fluids of varying hyclrion concentration. FurtluT, the 
same abnormal metabolism which results in vacuolar sap bedow 
pH 5*2 may result also in the imixregnation of the cellulosic wall 
with acid ‘pectins’, so that the acid reaction observed in Pelar- 
gonium stem and other generally acid tissues may noi. be due to 
the fluid j)hase of the wall hut to these acidic solid materials. Tlu^ 
same phenomena may bo responsible for the slightly lower ac.idity 
(o) of oollenchyma, e.g. in Lamium p. 143 and Senmo p. 14(5. 

(b) Lignified Walls. Rohde did not distinguish l)etw(*en t he 
various parts of the cell, bxit Atkins (p.08) records sclerenehyma 
as pH 5*2—5*4, wood walls at pH 5*4—5-8 for Salvia and doehlv,- 
aria. During the R. I. M. survey the following points not-cMl — 

1. The unlignified vessel walls of Hcdcra hypocotyl were in tin*, 
range b. 

2. The lignified walls of vessels and traclxuds in young fl()W(*ring 
stems were almost without exception in the range' li or l()W(*r 
in k. 

3. That the lignified walls become more a(‘.id on maturing is 
shown by many records, (a) where the acidity iiuin^asc's from 
the upper part of the vegetative stem (h or g) to tlu' low<‘r 
(hk or i) as in several twigs of Auciiha (p. Mb) LigH.slnnn 
(p. 148). Rhododendron (p. 151) and notably in Veronica 
(p. 153) and Viburnum (p. 150) where this ])henom('non was 
very general. 

4. In Helianthus (pj). ISO—187) the vaseailar strands ar<'. acid 
(pH 4*4—4*0) before lignification begins, but tlu^ xylem walls 
were specially noted as in the range e while unlignified, <diang- 
ing to li at the expansion of the cotyledons (Table II, p. 180). 
The lower range k for xylem walls appears only at the mature 
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stage in the stem below ground, and for xylem fibres in the 
older part of the root at a similar age. 

5. In Vicui faba (pp. 230—231) the procambial strands were 
loss acid in the seed (pH 5-2 —4*8), but changed to h (pH 4-4— 
4*0) in the root immediately on germination and in the stem 
before the radicle was 4 cms. long. Again the xylem fibres 
and also the poricyolic fibres (p. 235) of the mature plant were 
in sortie cases found to be in range k near the base of the stem 
(p. 233). Otherwise both sunflower and bean have the lignified 
walls of the xylem in the h range. 

0 . ''Fho pericyelio zone is frequently lignified in parts, giving h 
or i or k for the lignified walls and pH 5*9 to pH 5*2—4*8 or 
even pH 4*4—4*0 for the cell contents in the unlignified parts 
of this region, see numerous examples in Table VI Chapter X, 
and Tables!, VII and VIII, ChapterXI. The increase of 
aendity in maturing was noted in Viburnum (p. 156). 

7. The pericycle in Helianthus is of special interest. In the upper 
parts of the stem, fibres were not observed by Maetin (p. 186) 
and the reaction of the rest of the stem was found to vary 
from i)H 5*9—5*6 to pH 5*2—4*8. Fibres appeared in the 
lower 2 )arts of the stem and the upper part of the root, at the 
thinl or fourtli stage as h passing to hk or k in the mature 
j)lant in all those parts of the plant. 

Inoolt) and Small (1928, see p. 57) record the presence of 
a group of colls in the sunflower, which occur in the cortex oppo¬ 
site the groiij)s of pericycle fibres. These cells, some of which may 
b(% actually in the endodermis, show very decidedly red with 
methyl red (jiH 5*2). They have been investigated in detail by 
C . 1n(}oli) (unpuldished work) and have been found to show 
very small iiit(‘rc(‘Uular spaces filled with an oily fluid which 
n^adily tak(‘s up t.lu^ (neutral 0 ionn of the indicator. This oily 
fluid in th<‘ int<*rcellular spaces may or may not be an excretion 
frcnti th(^ acid (tells, and it could apparently travel via the endo- 
d(U’mal walls to tluj lignifying walls of the pericyclic fibres just 
within th(‘ grouj) of special acid cells. This forms another problem 
for further investigation. 

'rhes(‘ items for lignified cell walls are in general agreement 
with the suggestions made above (j). 159). An actual influence of 
pH, as such, upon lignified walls or upon the process of ligni- 
fication would appear to be very slight or altogether absent, 
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although acid cell contents would aj)j)ear to f)roc.o(lo lignifioation. 
Possibly this content-acidity like that of succulents, is anotluT 
example of the same cause (abnormal metabolism) giving two 
mutually independent results. Pentosan formation and organic 
acids in succulents may be paralleled by organic? acud formation 
and lignifioation in xylem, poricyclc and scJerenchyrna. 

(c) Suherised Walls. The R. I. M. survey was (conducted upon 
material from which cork was as a rule abscuif.. Plu?Uogon was 
investigated in the sunflower by Miss Martin (p. 100). Mlie found 
that the cell contents of the actual cork cambium wctc ai- i)H 
4 * 4 —4*0, while those of the cells out off towards the outside were 
at pH 5*2—4*8. The dead shrivelled cells to th(» outside of these 
gave a lower reaction. Later stages were not obscTved. Mon^ 
mature periderm in Sambucus stem gave pH 5*2—4*8 for pludlogcui 
contents with the range k in the suberisc'd walls of the (?(dls on the* 
outer side of the phellogen. 

Suberin occurs also in the walls of the endodermis. Th(‘ wall 
reactions of the endodermis are not recorde^d fn^quently; l)ut h 
and g occur for CerasHum (p. 137). h\ H(dianthus Uw ondodi^rnuii 
contents had a pH similar to that of the cortex in th<‘ u|)p(‘r parts 
of the stem, but below ground, in stem and root., the? records 
indicate acidification and possible extensive siilxu’isation of the* 
walls to the ranges li or k. 

Suberin is a waterproof material, the importanc*!* of which 
in the life of the plant has been emphasised by PuiwsTiiWY and his 
collaborators in a series of j)aj)ers (se(‘ llu' N('w Phytologist 
1921—1924, also Froc. Roy. Soc. H. 100, p. 119). Th<‘ mat-uring 
changes noted for lignified walls are here not so oi)vious, and it 
is possible that the actual fatty acids found (s(»(? p. 345) give* tlu* 
dye-reactions and its other pro])erties to sulxu’in, whil(‘ any 
anhydride formation would a 2 )poar to be mon? rapid in this ease 
than with 'lignin*. 

(d) Cutinised Walls. The acid colour reactions of (niti<*l<* 
with methyl red were noted from the h(‘ginning of tlx* H. 1. M. 
survey, but the degree of acidity was found to vary; thus it. is e 
for stems in Reseda, Phyllocactus, Renecio, iMpsami; h for st(‘ms 
in Cheirayithus, Ligustrum; g iov Jlaworthia leaf. Euphorbia st(‘ni, 
Aucuba stem; i for EcMnocactus) k for Gastvria, Pupa, Rhododen¬ 
dron leaf; e or g for Primula leaf; g or i for Aucuba I(?af. ll(di- 
anthus aymuus shows h distinctly in the cuticle of the stem as w(*ll 
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as in tho cell contents of the epidermis, with an unstained cellulose 
inner layer to the outer cell wall. 

The fact that this acid reaction is given either only or more 
strongly by the outermost layer of the cuticle would seem to 
indicate the influence of acid pectic substances rather than fatty 
acids (cp. Lamatijbre, cited by Lee and Priestley 1924). The 
eutinogenic fatty acids are still obscure but for indicator dyes 
poetic reactions may be more important. 

(o) Equilibrium Points. Apart from the observations of a 
series of jjossible isoelectric points for the artificial cell membrane 
investigated by MaoDou(jal and Moravbk, the only case of an 
apparent isoelectric point connected with the wall structure is 
that recorded by Lloyd and IIlbhla, see above p. 347. There an 
agar-like composition of the wall seems probable and the case 
does not apply to higher plants. 

Nevertheless, the presence of phosphatides and pectic sub¬ 
stances acting as buffers within more or less definite ranges of 
I)H[ might lead to the so-called isoelectric point phenomena 
being controlled by the wall substances as well as by the buffer 
c*.ontcnt of the vacuolar sap. This might account for the odd 3 % 
in acid fluids and the 25% in alkaline fluids found by Yottdbn 
and Denny as the residual buffer effect of the potato tissue, 
after deducting the effect due to water extractable substances 
which wore presumably the buffer systems of the sap. 

(f) Membrane. Buffering'. Wall, Cyto'plasm and Sap. We are 
now in a |)o.siti()n to envisage the plant cell as a whole, made up 
of three parts, wall, cytoplasm and sa]), and to consider the i)H 
|)henoinena of this system. 

^rh(^ sap we liave found to be an aqueous solution containing 
a variety of biifftn* sysUuns sometimes very weak as in the sun¬ 
flower and at others of varying buffer values as in the broad bean 
and i)otai.(), leading up to the strongly buffenid saps of some 
suctculonts. darbonic acid may, and probably does play a part in 
determining the actual pH of all but the more acid of these 
systems. 

The cytoplasm we have found to be a strongly buffered 
colloidal mixture mainly of ampholytes, showing probably a 
very limited range of actual pH (5*0—0*2). This strong buffer 
capactity in itself would make the cytoplasmic layer an effectively 
buffering membrane so far as strong acids and alkalies are con- 
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cernecl; but the passage of weak acids, notably carbonic- acid, and 
to a lesser extent the passage of weak alkalies would not be (dfect(Ml 
to the same extent. The colloidal structure of this nieinbrane 
with its accompanying surface-charge phenomena would st-rengtlum 
considerably its effectiveness as a buffering nicitibranc. 

The wall we have found to vary conshlerably in composition. 
The su})erised wall as a waterproof layer does not p(‘.rmit of buff(T 
action. The lignified wall with its many thinmu’ unlignificnl pits 
and other portions may leave the hnffer phenonnma of any 
particular cell similar to those of imlignified c-ells. '’ITc (uiiinis(Ml 
wall may be poetic in nature and more or less similar to normal 
parenchymatous cells'*-). This would ai)pear to bo the (uise wiili 
the exine of pollen grains, if the all-over penetration of mid fluids 
noted by Lloyd and IIlehla (1925) be general. Finally it would 
seem that the ordinary typical cellulosic wall may be dominat-t^d 
by its poetic and or ])}u)sphatide content, so that in it we may 
get membrane buffering somewhat like that of the cytoplasm, but 
not so stroxig’). 

The vacuolar sap is, therefore, surrounded by at least one 
very effective buffering layer and possibly by a s(a*()n(l rather 
loss effective membrane capable of similar bufhu’ aedion. One is 
not now surprised that, while the pH of the cyi-oplasm and that 
of the ‘cellulosic’ wall appear to be relatively constant (varying 
only within narrow limits), the pH of the sap is affect(‘d very 
little ])y the external enviromnent-, (exee])ting always th(‘ n'.adily 
permeating carbon dioxide), but it is affc^cted v(‘ry larg(‘ly by tlu^ 
metabolism of the cell of which it is the iniuu-most })ai‘t. 

1) RouraiCHT (kdects LiKsi-:(iAi\(i zoih^ [)ii<‘noMfi(‘na i/i 11 h‘ 

huir of the nettle which may in<Iieute mi luuaiiial (iis(i i[)u( ion ol 
theH(‘ HubMtanc(*H iu the cell wall. 
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BUFFEIIkS AKD BUFFEIMNDEXES IX plants 


(a) Bufferin^^ Substances; (b) Sources; (c) Quantities; (d) Buffer Indexes; 
((0 Buffer Index Curves; (f) Buffer Complexes; (g) R. I. M. and Buffers. 

Carbonic acid in general and organic acids in many cases are 
the chief agents in the increase of [H] in plant tissues. The 
removal of carbonic acid, as carbon dioxide, either by gaseous 
diffusion or by photosynthetic utilisation would appear to be 
the chief method of decreasing the [H*] in plant tissues. Few plant 
cells actually produce alkali in metabolism, although trimethyl- 
amine gives a characteristic odour to quite a number of plants 
(sec ClzAPEK I, p. 780). 

Our (letailcMl knowledge of aci(l-])roducing metabolism is so 
nu‘agr(‘ that it would seem ])etter to proceed by small steps and 
determiiK' first of all tlie actual acids produced, together with 
the (juantities and the effects of the occurrence of these quantities 
iq)on the life of the cell. In this way we arrive at the subject of 
this c}ia[)ter. The qualitative identification and quantitative 
(hdcM'inillation of the buffering substances in plant juices which 
was att(mipt(Ml for succulents by Hempkl (1917) has been extended 
in this I)(‘partment to ordinary ])lants by Miss S. H. Martin 
(se'c (1iapt(u-s X 11 — Xlll), hy V. T. Tn(joli) (see (^hapter XIV) 
and d. I. iVuMSTRONo (see below). By means of the analytical 
s(diemes given in Apjiendices I and 11 (pj). 1179. 381) there is no 
reason why our knowledge of this part of botanical pliysiology 
should not be extended rapidly, so that sound generalisation may 
become jiossible. Hempbl’s method, applied only to Rochea 
and (^otyledon obvallata, was essentially that of quantitative 
(;oni])ariHon of known mixtures with the natural sap. It might 
be us(dul still as a check. 

(a) Bujjfring R‘u})stnnces. The following acids liave lieen iden¬ 
tified by Martin (p. 208) and Incjold (p. 291) and Armrtroncj 
([). "Uil) as forming, with bases, buffer systems in ])lant juiees: 
rrotoplariina-Monographien II: Small 23 
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Acid 

pK 

Typo of Buffer System 

Stops 

Carbonic .... 

(}-33 (0*52) 

H.OO^-KHCOa 

Ist 


10'22 

KHC(),-K,(!(), 

2tul 

Phosphoric . . . 

2-11 

H 3 PO 4 Klh^PO*. 

Ist 

7*10 

KHjl’Oi -K,HI>(»4 

2nd 


12-()(i* 

KjI'Oi 

3rd 


pK' 

OlIa-(K)()lI 


Citric. 

3-08 

1 

g(<)H)-(!()oir •KHjCjiijO, 

'l 

ist 



CKa • coon 



4*30 

KHjOoHsO, — K,ll(!,nt(), 

2nd 


5-40 

K,110, HA -■ Ki,O.Hii<>7 

OHOH-dOOH 

3rd 

Malic. 

3-48 

1 

CHjOOOH -KIKVI.O. 

iHt 


fj-ll 

KlK^n^Os --Ka(^dl,0, 

CIIOH -COOH 

2nd 

Tartaric (dihydro- 

3-0 

1 -- Kllt^lldlo 

I St 

xysucciiiu') 

4-39 

(iHOH-(M)OIl 

KHCJUOe-KafMUO. 

COOH 

2nd 

Oxalic. 

1'42 

1 

(’OOH --KIHV)* 

iMt 


4-39 

KIK^h KatVh 

2nd 


j)I\A 

Nn.j-<! 0 -(‘[h-(^II(NIIa)-(’()()H 


Aflparaj^iii.... 

2-()S 

nh3*<’()-(ml*(ii(Nii,)'(’()()k 

rnoiiolKiMic 

Amongst other organicj aeids wliiidi may h(‘ found to 
effective systems in plants ar(‘; 

form 

Acid 

I)Iv‘ 

Typo of Bnff<T SyHt(*Mi 

Sl(*|>s 

Malonic. 

2*80 

(JH,(()()OH),, KlI(UI,<)* 

Ist 


5’(jS 

KHCsHjO, Ks('all,(>, 

(ill,-dOOII 

2nd 

Succinic .... 

4'IH 

I 

(’ll, •(‘()(Jll Kll(’,ll,(), 

1st 


ryr)i 

KH(’ 4 ll 404 -K,(' 4 ll 4 (), 

(’ll ,-(111 •coon 

2nd 

Pyrotartari(^. . . 

4-1 

I 

Isl 

(mcthyl-suc(*inic) 

5(!3 

(iiM’ooii- kii(',ii ,()4 

KIKijII.O,-K,(!,II.04 

2nd 

Clycollic .... 

3-82 

oila -oil - COOH oil ‘(ML‘COOK 

tuonolmsic 
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The bases associated with these |,oids would appear to be 
those usually found in plants, namely^ potassium, calcium, ma¬ 
gnesium. Hbhpjsl found these, and also aluminium and sodium 
in Rochea and Cotyledon obvallata, 

(b) Sources, The sourcjo of the bases is clearly the soil solution 
and the same is true of the phosphoric acid. All those would bo 
absorbed by the plant as soluble salts, nitrates, chlorides, sul- 
l)hates and j)hos])hates, 

Tlie sources of the organic acids arc still obscure but a x)rob- 
ablc origin of some or all of those may bo traced in the abnormal 
metabolism of the acid succulents concerning which so rnucli 
work has been done. Fn general they may be described as arising 
as intermediate products in the oxidation ])rocesses whicdi yield 
carbonic aedd, but the factors whieli (^a^ry that process to tlu^ 
oxalic acid stage in some cases and only to the citric or malic acid 
stage in other cases are still obscure. Hyj)C)theses are easy, and 
the facts are too complex for anything but a syst(unatic analysis. 

(c) Quantities, Hmmi’KIj (1917 !>. 63) found tliat in the n^gion 
of pK 5*5 th(^ <|uantity of acids in the various plants examincMl 
did not diff(‘r gn^atly one from another and that an incnvising 
divergence in acid content was fouiwi with a natural incnvisc' in 
LH I towards pH 4 in the sai)s. These a(dd c.oni(U)t.s can Ix^ (*al- 
culated from Hkmpml’s data as, at pH 4*0, Kleinia •\2N, Rocfmt 
*11 N, i^mssula *09N. Those data were obtained by titration to 
th(‘ lit.nuiH f)<)int and represemt molar (ioiKxmtrations in th<‘ n^gion 
of *^1 M to -OSM of mali<^ acid salts or salts of similar dibasic acids 
wit.h low dissociatioti constants. ()onsid(u-ing only monf)val(‘nt 
bas(‘s and taking Kleinia as cont.aining (Mjual parts of dibasic 
aci<l and atdd-salt. w(» g(*t 'OHM, whil(‘ with <*(jind parts of a<dd- 
salt and lunitral salt w(^ g<d. •2-IM.') dMu* pr(‘S(‘n(*(‘ of calcium and 
magnesium comj)licatcs tin* n^al <!ondit.ions and lh<‘ aclual con¬ 
centration can l)<‘ d(‘t(‘rmin<xl only by s|)(‘cifi(^ <juantitativ(‘ ana¬ 
lysis of ih<^ juice, or titration to the litmus })oint. of a solution 
containing only free acid which docs not appear to o<*cur in acid 
succulent.s (cp. p. 292s(iq.). Hkmimol (ibid. p. (>2) gives data from 
which the maximum i)ossible phosphate (H^PO.^) content of 
Rovhva juice can be (falcidated as *0023M ap})roximately. 

I) 'rh<‘ ratio of the various silts is (l(*ti‘rmincd by th<‘ pH of th<‘ 
solution, see p. 71. 



OH Amu XIX 


SflO 


Quantitative or even ((ualitative Heterminat lenH of njK'oifu! 
organic acitte in ])lant juicoH arc very rare in itotanical literature^), 
but usofnl analytical data can Ik* found in 'I'ibblcH (HI 12) and 
similar booJes of rcfcivnec. Home of tlu>HC for frcsli f<M)dH may Iwi 
quoted as giving an idea of the ilistribution ami eone(*nt rat ions 
of organic aeids and i)hoHj)hal(‘H which occur in parts of the plant.. 


Plant I 

asKT-i T= - - -a - - - - 

JaitTs 1 

Plmphatv I 

Orfjttnir Arid 

I "icia fnha p. 

Ht(*m 

•0134 M 

•00r» M hic'urixmnlf* 




•0211 M oxaliitf 




■Oil M mnlnff* 

Ii(‘liant/ius win im 

hypocotyl 

•IMtf) -007 M 


p. 218 h(1({. 


•0044 -tlOflOM 



root 

•oim - -oojuM 


Holamm tubamum 

tub<‘r 

•9027 -OOODM 

•0057 M 

p. 291 


uv(‘rajj:<‘ ‘OOnM 


Succulrnbt p.20<> 

Hhoot 


•100 -OiO M malato 

liovhm fakfUd 


0022 M 

•100 M malatp 

p. 299 




lirnophijllmn p,2i)(i 

loavcH 

... 

•05 *072 M inalulf* 




(h<*<‘ alwo 'ral)l<* .\II) 


Pin lit 

Part 

Pfinapluttr 

Onjnnir Ands 

ceroals. 


•OO -OO M 

Data from “'Pibhlrs”. 
molar eont*. cale. 

])()iat(). 

tuber 

•003 M 


carrot. 

root 

•002 M 

maJate 

pulrtCH . 


•02 O t M 


aspani^uH. . . . 

iopH 

- 

aspara^in and malate 

onion, etc. . . . 

bulbs 

])r(‘H(*nt- 

ae<‘tate, malate 

l*‘ttUC(‘. 

Icav<‘s 

•001 M 

oxalaif*, malate 

funjii. 

fr<*sh 

dried 

•002 -021 M 

•02 -20 M 

eitrale, malat<‘, o\alalo 
fumarale 

(s<‘e also 'Pabh* X11 ) 

fruilH. 

fresh 

present 

various see below 


In fruits, inalatcs oeeur in the apple, ]K>ar, iiuincc, clu'rry, 
white and red currants, blackberry, i)incapi)l<> a?i<l rliulinrfi; 


1) ABnoTT (ltl23) foiiiid an inverse relafiiin Ix'lween pliospluile con¬ 
tent tiiid IH'I and sugfristed phosphites as iinporlant buffers in plants. 
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oxalatoH iji tomato, plum, goosoborry, Htrawbcrry, and raspberry; 
oiiratoH and free citric acid in lime, lemon, orange, quince, tomato, 
raspberry and gooseberry; tartaric and racemic acids in grapes, 

(d) JUiffar htdexes, Aj)art from those already given in this 
volume, see (Jha])ters XII—XV, there are few or ho records of 
the /y values for i)lant fluids, but in some cases data have be(ui 
given by previous authors which enable this useful value to b(^ 
calculated for the fluids wliich they investigated. The values for 
succulents, over rather wide ranges, have been given and discusscsd 
in (Chapter XV. 

P Values. The following Tables (pp. 358—3(51) give the ji 
values for certain acids and for some jdants calculated from tlu^ 
data given l)y the authors mentioned. 

Tliesc data for fungi will be considered fully in a forthcoming 
contribution to Proloplam/ta, 

(e) Buffer Index (‘Urves, Examined in tht^ form of tabulated 

data, buffer indexes arc difficult for biologists, who can as a rule* 
follow the analysis of such ])henoniena better when the data am 
presented graphically. Two figures have, therefore, been pr(q)ar<‘d, 
showing how th<^ buffering capacity or buffer ind(‘x of various 
acid-plus-sall' systems vari<‘s (hroughout th(» pH rangt'; figun* 21 
gives the values for a concentration of one-tenth molar; figun^liS 
gives the corresponding values of one or two systems for on(‘- 
hundreth molar, together with lemon juice whitdi is about -3 molar ; 
this lattcu* is soi)arateIy graduate<l on tJi(^ right. All (.h<^ (!urv<‘s 
in figure 28 ex(iept lemon juice could, thcu’cfore, be, ins(*rt(‘(l as 
very inucli flaltiMied curves in th(‘ basal s('e,t-ion (0 to *01 fi) of 
figure^ 27, but by iner(*asing the v(M*tieal scab* we ca-n |)r(‘S(Md- lh(‘se 
O'OI molar (•()()! -OIO//) curves more (*ff(‘(!tiv(‘ly. 

'rhcs(‘ <mrv(‘s an* calculated to 0*2 ))11 (diang<*s from th<‘ sa-mc 
sourc(‘s as in 'Fa-bb' XI. 'Fhc^ malat-cs oxalati', t art rat (‘, amino- 
ac(^tate and su<u*.inate data were obtaiiUMl in this l)(*|)a.rtm(‘nt by 
Mr. T. Jnooli) using a (|uinhy<lronc (‘bud.nxbi on 0*025 I\1 
solutions. 

(iKtruclerislics of fi (Uirv(\s. — In order to mak(‘ full us(* of 
these (uirves and to take advantage of the points in which a p 
curve is cb»arcr tlian a titration c.urvc, the characteristics of th<‘sc 
buffer index (mrv<‘s must be studied carefully. The main fcatun's 
to b(^ noted are (a) the position and (b) tlu^ duration of th(^ maxi¬ 
mum in relation to the j)H range; (c) tlie position and (d) the 
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/* for pH ranges ... 3 o—t U 4*U—1'.5 4*5—.l O o’O—5*5 5'o—6‘0 6-0—6-5 6'5—^7*0 7‘0—7*5 

Collybia velutipes . . . n-0273 O 02H2 0-0252 <»-021 0-0148 0*0134 0 0112 0*0092 For expressed sap 

— o 025.7 0-0280 0-0217 0-0158 0-0119 0-CM195 For Buffer com¬ 

plex as above 
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siccpncsB of the slope on one or both sides of thes maximum. 
Homo organic acids i)ass almost directly from th<»ir own maxima 
to the final rapid rise below pH 2‘5 in which th(^ so-(^alled buff(‘r 
value of a water plus strong acid system takes effecd. (so(‘figs. 
0 — 10 ); in these cases there is no fall on the more acid side of f.lu' 
maximum (cp. the acetate and oxalate curves wit h tlu^ malat-e 
and tartrate curves, fig. 27). 

Phosphate, — This curve rises to a maximum at plf (i-S, 
falls towards pH 7’5 and to zero about pH 4*r), rising again slight ly 
in the region of H 3 PO 4 —KH 2 T ^04 buffering (pH 2— 1 ), see also 
figure 12 . 

Bicarbonate -carbonic acid, — I'his behav(‘s in a very similar 
way to the phosphate curve, but the values in tlu^ zoiic^ pi! 7*8 
are lower, and there is no second rise on the acul si<l(\ h(‘(uius(» 
below 2 )H 5*2 all the carbonic acid is free. The maximum o(»eurs 
about pH 6*5. 

Oxalate. — This system is mainly aeid-oxalat(‘ |)lus neutral 
oxalate, with the curve very low in pH 5 — 6 , rising in pH ‘I 5 , 
to a maximum about pH 3*9, falling towards pH 3*0 and rising 
again to its own primary maximum which ])asses into tb(‘ strong 
acid-water rise. 

Malate, — This is again an acid salt- | mmtral salt a-nd a<ud 
salt -|- acid system, complicated in this cast* by t.h(‘ much eIos(‘r 
ajiproach of the pK values for the two maxima.. This (•I()s(‘ness 
results in a practically horizontal (uirve from pH 2*5 lo j)!! 5 * 0 , 
with a steep drop between pH 5 and pH 6 *(), passing to z(*ro 
about pH 7*0. 

Tartrate, — This resem})les tlu* malate (uirvt* elos(‘ly, htil has 
a higher maximum and dro 2 )s in the zone j)!! 4 - 5 , instead of 
in ])H 5— 6 . 

Citrate, — As a tribasic ac*.id with fairly well s<*parat(‘<l pK 
})oint 8 , this forma buffer systems with a primary maximum about 
])H 4*0 and two secondary maxima, one for tlu' first- about 
1 )H 31 and another for the third step about pll 5 * 4 . 'rids curve* 
rises steeply througli the range pH 5 ’ 6 --()*(). 

Succinate, — As tliat of adibjisie acid with pK valu(*s n(*ar 
together this curve shows the flatness of malaU* and tartrate* 
curves, but it resembles the citrate curve between pH 4 anel pH 7. 
Succinic acid is not very common in plants, so that no more ncini 
bo said. 




2,0 3,0 3,H 3,8 p %2 i/,S 5,0 5¥ 5,8 6,0 6,2 6,6 IjO %5 8,0pH ^ 

Fig. 27. Buffer Index C'lirves for 0*1 molar solutions and for apple juice, maize tops, clover leaves and tops. 
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Ar-etate.. — Ah that of a inoiajhanio aoid llu' a<!ci.al«' ourvc* 
rcachoH its inaxinuim at (i - •0.')75, wliictli (xiourH about |»H 4-7, 
with a fall on either Hide whieli is m«>re marked in pH 4'() - 4'7. 
The fall in i)!! 5 —6 is Himilar to that of the inaiaU* (uirve, but t lu' 
acetate curve roHeniblcB in general that of Huccinate. 

The /? curvoH having boon eharaoteriHcd in tluH way, it lx*. 
comoK clear that if there be only one effective bufb'r HyHtem in 
a sap, this systom can be identifkxl (pialitatively by couHtruet iiig 
a p curve throughout the range pH 3’0—i)H 7*(). Furt.lu*r, since 
the fi values are directly j)r()porti<>nal to tlu* molar (ioneent rat ion 
in a simple buffer HyHkmi (see^) p. 289), it becomeH poHsibh' t.o 



Kig. 28. ItufliT Index Curves for OdU molar Holiitioiia aixl for various 

plant. juicoH. 

i(l(Mitify a ftivglc buffer HyHtoin in Hap ({uanlUativ(‘Iy an well as 
(jualitativoly. Ah an oxaniplo, iho appU' juico (uirvo in fig.27 
from the data givcai by Youokn and Dknnv is cbwly that of 
a 0*05 molar Holutioii of nialatOH, since it in t.h(' Ham(‘ sliaix* with 
the. Hamo position and has throughout about half tho vahu's of 
a 0*01 molar malatc curvo'). Similar (|uantitativ(‘ id(Mit ificat ions 
have already been given for BryophiilUnn p. 20() and other su<*eu- 
lents j). 200. Sunflower sap (fig. 2S) should b(‘ compared with the 
0*01 M ])hoHj)hate curve in the same figure. The lowtT e<)ne(‘n- 
tration of phosj)hatc naturally flattens the curves for tliis sap 

1) The cpiality or nature of the buff<*r (l(»tiermin<*H the Hhap<‘ of the 
/^-curvo and its position on the pH scale, hut t.h(‘ (juantity of hufh'r deter 
mines the actual /i values, compare -01 citrate and lemon juice in figurt* 28. 
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as compared with 0*01 molar phosphate. Tii the same way the 
curve for the bean stem sap is much steeper than 0*010 molar 
phosphate, but a 0*015 molar phosphate curve on the smm vertiml 
scale would be* nearly coinciclcnt with that of the bean stem, 
and the actual concentration found was 0*0134 M phosphate. 

(f) Buffer Complexes. In natural plant saps it frequently 
happens that, althoup;h there may be one main buffer system 
whi(jh is off(«*.tive in the natural range of pH for that particular 
saj), mon^ tlian one buffer system ocicurs. Tlien it becomes more 
difficult to analyse the fi curve of tlie sap; for example, clover 
iof)s and leavers and maize tops (fig. 27, data from Haas 1020) 
are appanuitly not dominated by any one buffer system even in 
the range of pH recorded. 

'riio possibilities (^an bo indicated by a few simple examples 
from figure 27. 

Phosphate plus (Htraie. — Equimolar conoontrations of these 
two systems would give a flat curve, rather like that of maize 
tops; since th<’> additive effects in the region between pH 5*0 and 
pH (i*S would practically eliminate the dip at A ((*p. also fig. 21, 
Uhaptcu* XIV). Une(jual concentrations of the two systems would 
r<‘sult in a straight fi curv(‘ with a strong(‘r upward tilt, towards 
tlie a(ud sid<‘ if the citrate were greater and a horizontal lin(‘ or 
an upward tilt to th(^ neutral side if the phosphate w(u*(‘ gniater, 
rather like those for cIovct tops and leaves (fig. 27). 

Phosphate plus Malate, — Ecpiimolar conei'iit rat ions ()f thoH(‘ 
two systems would show a slightly lower b\iffer in(l(‘x about 
pH 5*8 ((^) if th(‘ determinations wer(‘ mad(» for 0*2 sleeps in pH 
but. (l(‘t<*rr»unations for 0*5 or unit pH would result in only a very 
slight d(‘pr(‘ssion or non<» at all, in th(‘ rang(^ pi I 5—(i. Wit h 
inon* |)hosphat(‘ than malatc' this (tip would he d(‘(‘p(‘n(Ml for 
unit. pH steps and mov(‘d to tin* l<*ft towards K for0*2 steps in 
pH. With more malate than phosphat(‘ tli<‘/y curve w'oidd r<‘S(‘mbl<* 
a (iitrate j)lus p}iosj)hat(‘ curve in the zom^ j)H 4*0 -7*0 and would 
show no decided fall in pH 3—4. A citrate plus phosphate system 
would be very similar, since, the phosphate ris(^ in pH 3—4(u)mpen- 
sat.(\s more or less the drop in the (jitrate P values in that r(‘gion. 

Phosphate plus Oxalate. — In equimolecidar eon(^ent rations 
th(\se two systems would show a decided dip in ])H 5—6, about M 
(fig. 27) with 0*2 pH steps. Below j)H 5*0 this com])lex would 
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give almost a pure oxalate ft curve, riHing towards pH 4*0 and 
falling towards pH 3-0. 

With phosphates plus organic acids the ft curve iii all cases 
below pH 5-0 is practically that of the organic acid -f salt system. 
It thus becomes a question of distinguisliing between the/I curves 
of organic acids with (juantities at first unknown. 

fSingle organic acid -|- salt /Hystcms, — If ilie tif ration 
carrietl out very carefully to 0*2 or O’H ])H changes, the form of 
the curve in the unknown solution can bo used. After a quan¬ 
titative ])hosphate detenuination the ris(‘ of pliosphate in pH 3 4 

can bo deducted, and tlicn it becomes possible from th(' form of 
the curve to identify tentatively t.he acid present, assuming it 
to be a system with only one organu^ acid. I'he ft etirve for each 
acid has quite a distinct form when the position of t.he (‘urv<‘ on 
the pH scale is taken into consideration. For eomi)arison with 
figure 27, the vertical scale should bo in strict proportion, thus 
if the known ft values range from *001 to *00!) inst<'ad of 'Ol to 
•00 they should he ])lotted so that -OOO e.\ttuids v(Ttic.ally as high 
as the *09 of the figure 27, similarly valiuss of *005 to -05 shoidd 
be idottcd so that *005 is near the j)res<mt -01 and *04 n(‘a.r th<* 
present *08. 

Mixed organic acid -|- salt — Wlum th(*r(» is mon* 

than one organic acid jm'sent, analysis of th(* bufbT ind<‘x curve 
becomes more difficult . With titration to ()'2 or 0-5 j)H changes, 
the presence of oxalate (or succinate) can lx* .suspcct<*<l 
there is a fall in pH 3*0—3*5. Malatc, dtratc and tartrati* in nux- 
ture with anything less than e(juimol(*cular ct()uc(*ntration of phos¬ 
phate are scarcely distinguiHhal)l(*. In j)ariicular, a mixtun* of 
malato and citrate gives a curve which is <iiffi(udt to distinguish 
from either of these alone. The flatness of the malate in pH 2*5 o-O 
and the dip of the citrate about pH 3’r) -4*0 may show in sinij)l(‘ 
systems, and if something ititernuxliate is obtained mixtiir(‘s may 
Ix^ suspected. Qiiaiititaiiv<^ analysis must lx* caiTi(*<l out l)(*fon* 
the curves of such systems can be n^ganlcd as t‘xplain(*(l*). 

Tartrate is very similar to malate and (dtrat<*, while succinat<‘ 
and acetate are very similar to oxalate l)ut. with maxima in 
pH 4—5, instead of in i)H 3—4. These other three acids an* not 

1) The buffer values in a mixed sysh'm are direet.ly additivt* <‘v<*n 
with asparagiu preHent. ((t. T. Fncjold, unpublished work.) 
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known to bo widely distributed in plants, and can be identified 
fairly easily. 

Other Gomplexea. — In addition to these simple systems the 
bicarbonate-carbonic acid system is practically always present to 
some extent when the natural pH is above pH 5'6, and mixtures 
of organic acids in various jiroportions would appear to occur 
rather more frequently than do single organic acids. In such 
cas('.s (quantitative analyses of the sap must be used in order to 
analyse the buff(T index curve of the natural sap. This has been 
(lone more or less successfully for the sunflower and the broad 
bean (Maktin), the i^otato (Fncjoli)) and certain fungi (Armsthoncj , 
H(H» Table XIT). 

As an exam[)le of a mixed buffer system we can take the fi 
cuirve of tho onion bulb givcui in fig. 28. A pure citrate system 
with P ■“ *0085 between pH 3*5—4*0 would show aft curve ahorc 
the 0*01 Molar level throughout. The depression of the onion 
curve below the citrate curve in the i)H 5—0 zoik^ indicates tin* 
j)resence of a system with lower than citrate valiums b(‘.tvv<um 
f)!£ 5 and pH d. This depn^ssion might b(‘ dn(‘ in pari- al. l(‘ast 
to th(‘ plu)S[)liate and/or l)i(*arbonate which is indicat(‘d by ili(‘ 
upward (lis|)la<*(un(‘nt of the ,c.it-ratc-likc!‘ onion curv(‘ in the 
,.ll «-7 zone; but in that (jase the values in the pH r)-”d zonc^ 
would b(i additive for phos[)hate and citrate, and the d(q>r('SHi()n 
should !)(’> smoothed out. On the other hand a malat.(^ tartraU^ 
or ae<‘tate system ad<l(.Ml to the eitrate f)lus phosphate' sysb'rti 
would ti'rid to giv(‘ the def)ressi()n obsc'rved in tlu' |)ll 5 - <> zont'. 
If th(' titration had been earricsl into the j)H 3 ~ \ zone' th('r(‘ 
would hav(‘ Ihm'm no difficulty; a<*ct.ale would show a fall whih' 
nuilai(‘an(l lartrale would <lisplac.('tlu* citrate (‘urv(i upwards. As 
it. is \v(* can .svq/f/c.v/ ac<*ta.t.<* h('caus<*, a<*cor(Iiug to'rihbh's, ii<*('1at<‘ 
and (utratc' have* actually Ix'en found in tlu' onion group of 
tables (s('0 j). »35()). Quantitative analys('s an' reequin'd to confirm 
tlu'se suggesUul possibilities, especially in view of iNtionn’s smooth 
curve' for the onion bulb (sc'o j). 360). 

Thc! (‘urve^ for ot-lu'r plant saps can be tentatively analysed 
in a similar manne'r. The smoothly rising eairv(%s ohtaincsd by 
(^T. iNeJoiJ) for (wirrot, onion and beetroot (s('(' j>. 360) indicate' 
rnoH' compli(^ate‘<l buffer comqdexe's; t.he rise from q)!! 4 -5 to 
[)ll 3 I Hugge'sting oxalate or tartrate', and the' slight rise' from 
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pH 6-0—6’5 to pH 6-5—7*0 Hiiggontin^? phoH])hai(‘ in the beetroot 
(see fig. 28). 

Buffar (Jo7nplPXPfi and Natural pi! Vahivn, — An examination 
of fig. 27 showH that praeti(*ally all the /i cairveH (*roHH b(‘t\V('(‘n 
pH 5 and pH 6*2. In the ahMonee of abnonnal m(*taboliHin tluH 
is the range of natural ])H in ])lant cells’) and api)ar(mt.ly also 
in cytoplasm. The reason for this should now b(» <d<'ar. Any mov(‘- 
meiit of the ])H of the sap (or cytoplasm), eilh(»r in th(‘ <lir<M*tion 
of greater acidity or in that of lesser acidity, is met. by im‘n‘asing 
buffer capacity of the buffer complex j)reseni^). Kueh mov<‘nu‘jit 
of the natural pH will, therefor(% be r(d;ar<led to a <h‘gr(M‘ (^orr<‘- 
spoiiding to the conccuitration of the buffcT syst(*m and to lh<‘ 
extent (within limits) of the pH swing. The natural pH ttuids 
to be in the minimal fi zone or the valley of tlu-! fi (Uirve of th<» 
particular buffer complex present, that is at A [)H 6*2, or b<d.w<‘(*n 
that and E on the ])H seale^). In the i)resenee of abnormal aeid 
metabolism the natural pH will be Ixdow j)!! 5*2. 

Buffer Complexes and Isoelectric Points, — Almost exatdly 
the same arguments apply to many of the plumomcma wh(‘r(‘ tin* 
internal buffer systems have an opportunity, during (^xp(‘rim(mtaI 
manipulation, of passing into an external fluid. Tlu^ so-<‘all<Ml 
isoelectric points would appear to })e (H|uilibrium zon(»s at tli(‘ 
minimal (i values of the l)\iff(n* eompIex<‘S j)n‘S(*nt an<l passing 
outwards into the external fluids possibly at difh'nmt rat(*s. 'Fin* 
variation in the rate of outward flow would aeeouiit for sj)!n(‘ 
of the variation in the valu(‘s f(n* the* ecpiilibrium points n^eonh'd. 

Buffer (Complexes and Disease, In(;oM) (p. 288) found no 
correlation between immunity and tlu* buffeu* ind<»x valiu's of 
potato sap {e.p, Kopaczkwski 1928 for s(Tum). (’amphkli. (I!)IS) 
found that cxtra-radicatc injeetion of weak solutions of tartaric, 
citric and malic acids rendenxl <*.ultivated api)l(‘s inunum* to 
Oidium. farinosum (B.leucoiricha) and to e(*rtain ins(‘e1s. 'Fliis 
effect might be due either to a change* in actual [)II or l-o a change* 
in buffe*r ca])acity. 

The whole field e)f the* relatie)n e)f the int.e‘rnal pH anei buffe*r 
values to eliscase has still te) be investigateel. Kxte‘rnal j)!! <*ffe*e;ts 

1) Algao and Kuagi are exceptional, He*e* note 2). 

2) This is not found in the fungi examined, to any nmrke^d extent, 
but the^ bicarbonate rise is there omit.U*el. 

3) Compare figure 19. 
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on the disease organism would appear to have little importance. 
The important factors are obviously not the residual pH values 
of expressed sap, but the actual pH of the phases of the living 
colls of host and parasite, and the buffer values of these phases 
in relation to the effect produced by the disease. Increase of 
internal [H’] has been noted in a number of parasitic diseases. 
This phenomenon was observed by the writer many years ago 
in the case of leaf-curl of potato, and the results then obtained 
led to the adoption of the R.I.M. for a general survey. 

The possible connection of pH and/or buffer values with 
infection and immunity appears to bo comjdex. The buffer value 
may have no effect in certain x>H ranges, but ([uite a distinct 
effe<5t in higher or lower rangers of pH. The whole field is open 
for surv<\v and the investigations of the effects of (external ])H 
variations which have been made are summarised in M BViirs (1927). 

(g) Tt.LM, and Buffers, A close study of the R. 1. M. indi¬ 
cator scries (p. 49) will show that it is almost continuous; (bS—6-4, 
0-8—6-2, 6-2 ca., (b2—5-9, .5*9 ca., 5*9—5*6, 5*6 ea. ; (r)-6—4-8); 
5*2—4*8, 5*2—4*0, 44 ca., 4*4—4*0, 4*0 ca.; <^3*4. The bridging 
range <1 r)*()—4*8, however, does not occur to any extent in our 
re<i()rdcd observations and this gives a second break namely be- 
tw(Hm 5*6 and 5*2, as well as between 4*0 and 3*4. The lowcu* 
break docs not appear to be important in normal plant tissiuss 
l)iit another indicator may be re({xiire(I in order to (^over the 
5*()—5*2 break. We might lower and raise the MR changes to 
j.H 5*3 or ])H 5*4 but the orange zone of MR is a p<u*pl(^xing region 
of uncertainty and all these tints are bett(T tak(*n as indeltTininatc. 
'Fhes nunuTous records of tlie ranges e (5*0 ca.) and e (5*2—4*8) 
and th<‘ very h'w n^cords of d (s(^e Table IV, Ohajdcr XI11) must 
m<‘ai» (‘ither (1) that the interpretation of tb(‘ MR tints is faulty 
or (2) that when reaction swings take phuui they pass rapidly 
aeross the range ])H 5*()—5*2. A possible explanat ion of the j)h(Mio- 
metion is suggested by the general form of the buffer curves, where 
the buffers are phosj)hate and oxalates systems. I'he former steadies 
or buffers the reaction in the natural range pH (5*2—5*(5, whil(% 
the latter and allied systems buffer the reaction between pH 5 
and pH 3. Botli systems reach a minimum between pH 5*f5 and 
pH r>; any factor which tends to changes the ])H of t.he fluid will, 
therefore, bo most effective in that range; with the interesting 
result that the natural pH of the fluid will seldom remain in that 
l^rotoplasma-Monographien 11: Small 24 
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rang© but pass either to the acid range below pH 5-2 or to thc^ 
relatively alkaline range of pH 5"6 ca., or above. Where citric 
or malic acid or both occur the range d is more likely to bo observed 
as these form buffer systems active in the range pH 5*0--5*2. 
Malic acid is found in Vicia faba, and so is the range d, see Tables IV, 
V, VT, Chapter XTTI; compare also Table XXV, with Table XXIV 
in the same ehapter, where a pure jdiosphate system has not th(^ 
same buffer effect against CO 2 that is possessed by the malate- 
containing bean sap. 

We come hero uj)on certain fundamentally diffcmuit- types 
of cell metabolism. 

The first typo is that of the normal parenchymatous <!<dls or 
tissues in plants. In this first type the fluids arc^ only very slightly 
acid pH 5*6—6*2, and fluctuations within this range are probably 
governed mainly by the carbon dioxide content and control 1(»<1 by 
the phosphate buffer system and/or the biearbonate-oarl)oni(t acid 
buffer system. These would appear to bo the conditions und<‘r 
which normal respiration, carbon assimilation, initial wound reac¬ 
tions (op. p. 266) and turgidity changes j)rocee(l. 

The second typo is that which results (1) in differentiation 
of tissues, within the plant; acid epidermis and (i(Tmatog(^n, 
lignification, suberisation, cuiieularisation, developiiKUit of xyhnn, 
ondodormis, cork, and root tips; and (2) in a differentiation of 
types of metabolism as characterising cKrtain groups of fa.mili('s, 
isolated families, or isolated genera within normal fainili(‘s. In 
this second type the (jarbohydrate katabolism would app<‘ar to 
be not the normal process of complete oxidation to carbon dioxid<» 
and water, but an incomplete oxidation resulting in tlu' product ion 
of organic acids either <lirectly or indirectly as by-products of t h<‘ 
main metabolism. 

This type of metabolism occurs in normal plants wh<m th<» 
carbohydrates are being used in the formation of lignin, subcriii 
and cutin. Whether the fatty acids dircct.ly (?oiic(Tncd giv<» a true 
virage with indicators, as do acetic to ])clargonie and the* lower 
fatty acids or whether they take u]) only tlu^ neutral form of some 
indicator dyes as does oleic acid, in cither case this metabolism 
would appear to bo associated with the production of ac.ids which 
do give a true virago with most indicator dyes. Diff(»rentiation 
of walls is, therefore, aecompt^nied by this acid typo of metabolism. 
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This type of metabolism also appears in special groups of 
families or in isolated genera where the normal complete oxidation 
of carbohydrates does not occur even in the parenchymatous 
tissues. The acidity in this case may be due to various organic 
acids, oxalic in Polygonaccae, oxalic and malic in Aizoaceae, malic 
in cacti and some JRosaceae, isomalic in Crassulaceae, etc. 

The differentiation of these two types of relatively alkaline 
and relatively acid metabolism was one of the first points in the 
R.I.M. general survey. It can bo seen using only the one indi¬ 
cator methyl rod, and was noted but not developed by Rohdiu in 
his 1917 contribution. 

The fluctuation in reaction of tissues with the acid type of 
metabolism would appear to be governed by the type of acid 
produced and tiie concentration of tliat acid and not to any signi¬ 
ficant extent by the carbonic acid content. The reaction in these 
cases would bo controlled by an organic-acid j)lus salt buffer 
system or a mixture of such systems. The scheme of analysis 
given in Appendix T1 enables us to determine the identity of t.h(‘ 
main buffer systems and to get some <(uantitat.ive i<leas of the 
parts they play within the tissues examined. 
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PROBI.EMS RE-STATEI) 

Having broxight most of i.hc known factn togt‘th<‘r, wo aro 
now in a poHition to (jonwidor how far tho probleniH, which w('rt‘ 
rained more or Ichh a priori in (Ihapter 1, have b(Hm hoIv(h1. 

PROTEINS 

These have been fo\ind to be more restricted to tho (^vioplasin 
and much less effective in the sap and wall than at om^ tbn(‘ h(‘(‘- 
med possible. The ])rotein ])roblemH are, tlu^n^fore, (umfiiUMl to 
the cytoplasm. Tt has also been found likely that, in th(‘ plant 
cell, the real pH of the cytoplasm does not vary in the living c(‘ll 
beyond the range jjH 5*0—0*2. Praeti(;ally all the (‘xpcTirnc^ntal 
investigation of tlie ndation of (wtoplasmic f)h(morn(‘na to [ H‘ | has 
been conducted witli (‘xtc'rnal fluids or int(‘rnal sap known to vary 
beyond this range. There lias been no inv(‘stigation of cytoplasniic 
})henomena during wliie.h the r(‘.al pH of tlu^ living (‘vtoplasm 
has been ke])t under observation, except. thos(‘- of Kuwada and 
Kakamura on chromosomes. Our knowl(alg(‘ of these plKUionuma 
is, therefore, confined to such as are afleeUal by th(‘ [)1I of tin* 
fluid in external or internal contact, with the (‘.ytoplasrn. 

The physical condition of the cytoplasm has Ixaui shown to 
undergo changes which are [)ossibly relaUal to pH variations 
induced by external carbonic acid (.Jac’obs) and th(\s(‘ ehang(‘s 
are such as would iiifhauiee st.rongly th(5 scunijxu'nu^abh^ j)rop(‘rt i(\s 
of the layer. It. has been found (|uit(‘. commonly that strong acuds 
do not have this effect, so that we have ratlun* d(dinit(^ knowl(‘dg(* 
that carbonic acid is an important substance in rtdation to th(‘ 
cytoplasm. Much more investigation is requircxl before w(‘ can 
be said to know what happens under natural conditions with 
natural intercellular concentrations of (carbon dioxid(\ 
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CoiKsoruing the stability of cytoplasmic proteins, wo know (1) 
tliat they are more or lees stable between i)H 5-0 and pH ()-2, 
(2) that they can endure an external or vacuolar [H‘] of pH 4-S 
passing in some cases to j)H 4*0 ca. or in special cells to i)H < 3*4, 
and (3) that in special cases the external i)H may even go below 
])H 1. We know very little indeed about the actual protein eoin- 
])loxeH present in the living cytoj)lasm. 

Those pH relations apply to the ordinary plant cell and to 
vacuolated moristeni-cells such as occur in cambium, but the more 
or less non-vacuolated cells of apical meristoms are dominated by 
cytoplasmic buffering and as such are subject to fluctuations 
beyond the range pH 5*0—(r2 only in the external fluids. In 
these cells the hydrophilic and swelling properties of colloidal 
])rot<Mn may be effective but*, in the vacuolated c(dl, permeability 
changes would a])])ear to be the only important characteristic 
affected by [H'J. 1'he evidence recorded for iso-electric ])oints in 
plant cells and tissues is in a very large measun^ conccriK^d either 
with injury effects at low pH values or wdth the buffiT (M)mpl(‘X(^s 
of the vacuolar sap, within the vacuoles or after passing into th(‘ 
experimental external fluids. 

The changes recorded in th<^ physu^al (condition of ehromo- 
Homes at varying pH values, these values being controll(‘d (^xpeud- 
montally by carbonic acid, are of outstanding im[)orta.ne.e; but 
much more investigation along similar lines is required bc^forc' w(‘ 
can generalise upon natural j)H values as controlling factors in 
nuclear phenomena. I k^goneration of pollen grains, and otlnu’ 
abnormalities (ionnecUxl with nuclear failures may or may not he 
(iontrolled by the pH of the cytoplasm. A fruitful field of work 
has been o])en<Ml up, but we are still just at tins gat(». 

Th<^ main outstanding ])roblems in ndation to protcdiis ami 
pll undouhledly requini the investigation, under a (mrefiilly (con¬ 
trolled (carbon dioxid<». pn'ssure, of th(‘ cffc(jts of varying th(» | H | 
within the natural range upon the ])('rm(^ahility of th(‘ eyi.o])lasmi(i 
layer to solutes of various kinds. In such investigations attention 
must be given to the existence and effects of a pH gnidient across 
the cytoplasmic layer and to the direction of such gradient 
(cp.plBlS). 

ENZYMES 

The relation between enzymic activity and [H | is known 
for all the chief enzymes; but there aijpears to be a strong diversity 
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of opinion about thiH in the cawe of oxidawcH and poroxidaHOH whi<di 
are very important in plant phyHiology. I'he (jaiwal rolatioiiH of 
oxidation and acidity or acidity and oxydast^ jujtivity require 
elucidation. 

The main problem with enzymcH iw their detailed distribution 
within the plant. It is definitely known in some canoH and it soennH 
probable in many more caHcs that the distribution of ('nzym<»s 
differs from i^lafat to plant and from organ to organ or tissiH-! to 
tissue within the same plant; but actual data ooneerning ihi^ 
variation of enzymic content in different tissues within tlu^ sanu^ 
organ are relatively few and arc confined almost entindy to 
phloem fluids and the petals of flowers with (iolour-prodiKung 
enzymes. 

The fact that invertase and lipase arc Olass A (acid) enzymes 
is probably closely related to the apparent production of organi<*. 
acids and consequent acidification of all or some tissues as g(T- 
mination proceeds, but other similar relations might be trac^wl if 
wo knew more about the distribution of enzymes in the various 
tissues of ordinary plants. 


BUPFEIIS 

The pioneer work of Hempbl, and the more reoemt work by 
Haas, Gustafson, Yoitdbn and Denny have been utilisc^d in 
this volume to give some quantitative ideas concerning th(^ bufhu' 
capacity of plant saps. The recent work of Maktin, Incjold an<l 
Armstrong in this Department has enabled us to write of buffcT 
systems which are identified both qualitatively and quaniitarivedy. 

Wo know now that carbon dioxide nuitabolism in respiration 
and photosynthesis can be and probably is an effective ni<*t.a- 
bolio buffer process in the sap of ordinary j)lant tissues. Wts also 
know that amino-acids and proteins have usually a ncgligibh' 
effect upon the buffer capacity of those saj)s. 

Further, we know in a few cases only the a(‘4iial buff(T coin- 
ploxes present in the parenchymatous tissues (as j)n'sHsod juice*)- 
Wo can assume the soil as the source of j)hoHphatoH, and the kata- 
holism which yields carbon dioxide as the source of bicarhonat(*H. 
This leaves the sources of the organic acids found still a mystery 
which may be named but not explained by saying that these acids 
result from an abnormal ‘acid metabolism’, possibly incomplete 
oxidation of carbohydrates. 
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This ‘acid raetabolism\ its origin and its effects, the factors 
which control the type and quantity of acid produced and those 
which control the utilisation of the acid are explained to a certain 
degree for succulents; but even in that case we know more of the 
utilisation of the acid than of the earlier stages in the process. 
The elucidation of those points, for acid tissues in normal plants 
as well as for 'all acid’ plants, for the fatty acids of the wall as 
well as for the simpler organic acids of the sap, forms the main 
problem to bo solved in connection with 'acid metabolism’. 

Malatos, citrates and oxalates are common in the more acid 
families or plant organs, while phosphate and bicarbonate systems 
would appear to bo common in ordinary plants but it is unwiso to 
gonoralisc from the three or four known cases, all of which differ 
one from another. Much more oxiensivo investigation is required 
on the buffer comjdoxes of various types of ))lants and plant 
tissues. The physical chemistry in relation to acidity, oven the 
chemical composition, of the various kinds of cell-walls is still 
almost a closed book, which from the picture on the cover promises 
to be very interesting. 

SAP, OYTOPLASM AND WALL 

’Fhc relation of the accumulation of acid and of basic dyt^s 
within t.hc coll has been shown to be largely a (juest ion of the pH 
of the sap, and further investigation is needed on the possible’s 
connection between the pH of the vacuolar saj) and the rate of 
pcuiet.ration of salts. This clearly is of much greater import in 
the lif<^ of the plant than the rate of penetration of dyes, and will 
])robably vary not only with the pH of the sap but also wdth the 
(‘haracter and <u)n(ontrat.ion of the buffer systems ])rescnt in the 
saj) (cp. II().A(iijANi) and Davis 1U23, see p. 317 above). 

We know that there may bcs a large differciuT between th(^ 
pH of the cytoplasm and that of tlu^ sap, which diff<T(uice appears 
to bo maintained by the buffc^r action of the cyto])lasin, (uther by 
the whole layer or by the plasma moml)rane. This membrane 
buffer effect would aj)pcar to be important in relation to th(^ 
ponet.rability of external acuds and in relation to the maintenance 
of free acid as a constituent of the vacuolar sa]). In succulents, 
for example, tlie malic acid produced does not escape from the 
cell as such and passes out of the non-green cells only after it has, 
as free malic acid, boon converted into carbon dioxide and water. 
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There is no oviclonce that light docampoHOH malatc^s in (ho «aino 
way that it dcos free inalio acid and (he buffer (^ffoctt of malatcH 
becomes important in regulating the pH of tins sap and, thenrfon*, 
the amount of malic acid available for decomposition <luring (ho 
day. Similar relations may or may not hold for other changes 
in sap or in cell-wall. 1'hcy require investigation. 

Wo begin to got Home idea of the possibilities in the indie,ator 
colour reactions given by certain cell-wall substances but w<i liav<^ 
just become aware of the existence of these jm)bloms which promises 
to lead us into tlio by-paths of fatty aci<l phyNi<?al (duunistry. 
Even the precise ])r()l)loms are still obseuro; when wo have fornui- 
latocl thoni the way will undoubtedly b(K^om(i clearer. 

VARIATIONS IN UBAdTION 

The R.I.M. survey has definitely solved most of (he i)robl(MnH 
of tho actual variation in reaction of C(dl Slip from oik' par(' (o 
another of tho cell; within tho same or in similar cells, from time* 
to time, diunvally, seasonally, and during tho maturing of (h<^ plan(. 
or the tissue; in tho same tissue from one part to another of (h(^ 
same plant; from plant to plant, species to species, g<muH to gcums, 
family to family; and to some extent even from gro\ip to group. 

Other workers have found internal variation or bw'.k of 
variation with tho external medium; variation, of (‘xtcuunil m<‘dium 
only, in relation to th<^ phoiosyntheiie ae.tivities of submergtMl 
green plants; internal variation in guard ('(dls causcMl by and nvsnl- 
ting in tho opening and closing of stomata; variation or lack of 
variation in reH])iration with (he pH of exl(U'nal imulia. 

This leaves detailed investigations of particular cas(‘s to Im‘ 
carried out. It leaves practically untouclu'd (he jxwsiblt^ in(<»rnal 
variations with photosynthesis and respiration, the ])ossibl(‘ 
variation in photosynthesis of suhmerged plants with tlui pil of 
tho medium which arc still <)l)sc.urc in spitc’! of the /t/Vof/m-cludk 
controversy and its more or less satisfactory s<'tt.l(u»i<‘nt. 

Variation in reaction of the natural vas<uilar sap luis Ixmmi 
touched upon by Bmnnktt and his collaborators, but. niuch mon^ 
remains to be clone in tho investigation of the real pH, and the 
buffer systems if any, in tho wood sap of trees and also in tlu^ 
fluids of the ])hloem and latex ])jisHageK. 

The problems of the c.onnection, causal, corndatixl or nicndy 
concomitant, between the known variations in reaction which 
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have boon found to bo aysooiatod with certain difforoncos in tiincH, 
stages of dovolopmont, conditions, functions and phylogenetic 
positions — turn out to be mainly problems concerning not pro¬ 
teins and amino-acids but (1) the detailed distribution of oiizymcs 
throughout the plant; (2) the production and utilisation of carbon 
dioxide, concerning which much is known; and (3) the metabolic 
production and storage or utilisation of organic acids, sixch as 
citric, malic and oxalic acid in the cell-sap, and such as a hydroxy- 
belienic, ricinoleic and other fatty acids in the cell-wall, concerning 
which very little is known. 

Jt is impossible to sunimariso briefly the present ])osition but 
wo may suggest a few general probabilities: 

1. (lhangCH in the hydrioii concentration of oytophisin beyond the 
rang(^ pK 5*0—(>'2 would ap 2 )ear to Iiave liU.le reflation to ihe 
living evil. 

2. Variaiions in the hydrion concentration of tlu^ vacuolar saj) 
may bo important: 

(a) as indicating variations in cell metabolism, and 

(b) as affecting the rate of ])enetrai.i()n of <>»xt(Tnal aiul / or 
internal solutes through the cytoplasmic layer, but not 
luu^cssarily aff(H;ting the permeability of the cytoplasm 
as su(*.b. 

3. Variations in the reaction of the wall may be correlaicid willi 
some', of the variations in cell metabolism 2 (a). 

4. The variations in organic acid metabolism are important and 
are amongst the huist known ])henomena of plant physiology. 

5. Tlic buffer conijilexcs of the vacmolar sa]) app('ar to lx* t.Iui 
(‘ff(xitiv<^ factors in many so-called iso-(*l(*.et.ric ])lumoin(‘na. 

In <?oncIusion w<‘ may also suggest a f<nv intcu'csting |)ossi- 
l)iliti(‘.s: 

1. Variations in tin* hydrion <x)n<*(Mitrati()n of cytoplasm wit.hin 
lh<^ rang<'. pll 5*0 to j)li ()*2 and / or sap variat ions in a widen* 
range may have important (dfecds upon — 

(a) the colloidal condition, dis])erHi<)ii, liydrojdiilic projanMies, 
of the cytoplasm; 

(h) the 2 )ermeial)ility of the cytoplasmic layer to (dccirically 
neutral substances, such ns sugars, and neutral salts, and 
to other subsianccs in the molecular (or ionic.?) condition; 
((‘) the density (and sign ?) of the cliarge upon ihe external 
and internal surfaces of the cytoplasm. 
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2. Variations in the enzymic (listribiition and/or the liydrion 
concentration of the vacuolar sap may have important cffccits 
upon — 

(a) the character and quantity of organic acid which occurs 
in the vacuolar sap; 

(b) the character and quantity of fatty or poetic acid, peltate 
or fat, which is secreted externally by the cytoplasm to 
form either irnixicdiately or at a distance (cp. the oil ducts 
in sunflower and other plants, also Herki^ots p. 2(55), tlic 
material for wall differentiation. 

3. Variations in the acidity of the walls may yield valuabki data 
concerning the identity and behaviour of the substancu^s which 
help to enclose the cytoplasm and sap in plant cells and tissues. 



APPENDIX I 

EMDEN’S METHOD FOR PHOSPHATES 
AS APPLIED TO PLANT JUICES 

1. l^rcparc a Gooch crucihlo with ashcstoH. Wash the aHbestoB 
filter freely with distillecl water and dry in an oven to constant 
weight. 

2. t^olution A. Prepare a solution of strychnine nitrate con¬ 
taining 15 grammes per litre. This solution keeps well. 

8. /Solution B. Prepare a solution of ammonium molybdate (‘con¬ 
taining 50 grammes in 150 cc. of solution. This solution should 
l)(‘. moderately fnvsh. 

4. Pn'.pare a mixture of nitric, acid and wat(‘r (HNO,., 2 vols. 
])lus water 1 vol.) 

5. Solution C. Add one volume of Solution B to thr(‘e volumes 
of the diluted nitric acid (4). This must Ix^ done very 
slowly and with constant shaking or stirring. Any j)reci- 
])itcate formed should re-dissolve on shaking. As molyl)di(‘. 
a(‘.id separates out on standing Solution (- should be fn^shly 
|)repar(‘d. 

i). Solution J). This is actual ])recipitating agemt and, as it 
do(‘s not k(‘(‘p, it should b(‘ made up only when r(M|uir(‘d for 
immcMliate use. It- is pn'panMl by adding thr(‘(‘ volumes of 
Solution G (ammonium molybdate-nitrie-a(‘id mixt-ur(') to 
one volume of Solution A (strychnine nitrate solution). 

7. Using from 2 to 5 cc. of centrifuged or filtered expressed juice, 
add an equal volume of 10 % trichloracetic acid. This ])reci- 
pitates ])roteins. Filter (7). 

8. Add to the filtrate (7) an excess of Solution I). The volume of 
Solution 1) necessary will vary with the ])hosphate content. 
A volume two or three times that of the filtrate has been 
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found Hufficiont in most of the canort iuvcHtigate(D). Thm 
precipitates the phosphates as a flocculcnt pn^upitaie (Jon- 
sisting of complex groups of molecules w(ughi. of whi(*.h 
is 28*34 times the weight of HjjP 04 present, (jolhud th(^ prtHu- 
pitato in the Gooch crucible, on the filter; wash it w(^ll wiiJi 
distilled water, using a filter ])uni]), and dry in a water oven 
to a constant weight. The weight of HyPO^ in the sampks 
of juico taken is obtained by dividing this weiglit l)y 28*24# 

1) The luldifciou of more Solution D to the filtrate from tlu^ first 
phoBphato precipitation is a precaution Avhieh it is \vm\ to tak(% (^Hp(Hually 
when the first preiupitnto is very abundant. Only on<^ eaw^ has shown 
further phosphate with tJiis test. 




APPENDIX II 

OROANK! ARID ANALYSIS 

Method of Hita^eh and (hioss^), as developed ])y (■. T. Inoold 
and J. J. Aiimjstkon(}. 

The solution containing the free organic. a(‘ids is divided 
into two parts which are incited as follows: — 

I 

Mix with alcoholic potassium acetate and half a volume of 
al(U)hol. Allow to stand for several days in the (*old wluui the 
gr(‘at.(\si. part, of the tartaricncid (‘.omesdown as potast^iutn hitartrate. 

1\) (‘stjmat(‘ the tartaric^ aiud this ]>r(supitat(^ is dissolvisl in 
hot wat(U‘ and titrated with 0*1 N NaOH. The titrated liipiid 
(am 1)C> used for idcuitifying the tartaric, acid by adding calcium 
chloride to the solution and allowing th(‘ nasulting filtrat(‘ to stand 
for some time wlien the calciium tartrates should se[)arat(‘ out. 

^I'h(^ filtrait(‘ from the potassium hitartratc' is mix(‘d with a 
f(‘w (*.c.s. 10 % (aihuum chloride and is brought, to a. wtaikly acid 
nau^tion (pH 4*S —5*0, using lUUi} green to blu(‘ (;hang(‘) with 
lim(‘-water a,n(I this |)r(‘c.ipit.at(^s t.h(‘ o:m//c acid as calcium oxalate, 
which can 1)(‘ (‘st.imatisl by dissolving in dilut(^ (about normal) 
sulj)huric a.(U(l a.nd titrating with N/IO K 2 Mii() 4 . 

Kilt.iu’ off th(‘ calcium oxalat.(‘, n(‘utralis(‘ th(‘ filtrate (\)\\ 
7'()—7-2 with PR.) and allow to stand for som(‘ tinea At, this stag(‘ 
th(‘r(^ s(^[)arates out tlie remaining tartaric acid and oxalic add 
as w(^ll as citric acid. 

After filtration t lu^ cmt.irc preci|>itate is luaited for t(ui minut(‘s 
with dilute KOH solution which dissolvers llu‘ tartrate'^) whil(‘ 

1) Landw. VVrs. Stat. 1H4. 1887, cite'd by fzouuv, Iboclaanic^ 

dtT Pflan/.t'o. B(l. HT. pp. 1)81925. 

2) Pra(;ti(aillv all th(r tartrate comes down pn‘vi()usly as hitartrat(‘. 
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oxalate and citrate remain undisBoIvod. The citrate ih then dw- 
solved in acetic acid while the oxalate, if any, rcnuiiiiH behind. 
Oxalate, if any, should bo titrated. Citrate is eHtiinatod by neu¬ 
tralising the acetic acid, filtering and weighing the precipitate 
as calcium citrate. 

The neutral filtrate after the preei])itation of the above three 
cids may still contain calcium malate and this can be precipitated 
by the addition of 2—3 vols. of alcohol, and weighed as eahuuin 
malate. 

The alcoholic filtrate from the malate preci[)itat.iou is tr(^at(»d 
with a solution of lead acetate. The resulting lead precupitatc' is 
decomposed with sulphuretted hydrogen and after removal of 
the lead sulphide by filtration the solution is t.reate<l with copper 
sulphate solutions and eventually copper glycoUate may sej)arate 
out. 

The filtrate from the lead precipitation may still conlain 
succinic and lactic acids. 

The solution is evaporattHl to <lryness, mixed wdlh some 
HCl, and extracted with other. The ether solution is eva[)ora<ed, 
mixed with water and tested for the above acids. Succinic a<*i<l 
may be estimated as the barium salt (see C.H. 185, ]>. 703, 1017) 
and lactic acid in the tisual way as the zinc* salt. 

II 

The second j)art of the solution, utilised as a chcscdc, is luuitra- 
lised with ammonia and boiled until crystallisaiion starts, or until 
the solution is sufficiently concentrated. Having neutralised, 
add two volumes of alcohol to one of the solution and allow to stand 
for several days. At this })oint there crystallises out the aniinoniiim 
salts of tartaric, oxalic and citric acids. This pre<npitut(» (A) is 
dissolved in water and acidified with acetic acid, then potassium 
acetate and alcohol are added. After standing for two days tlu^ 
bitartrate of potassium which separates out is filtered off and 
titrated. The filtrate when mixed with (‘.aleium ehlorhle may giv(‘ 
a precipitate of calcium oxalate, which is separat(‘d, dissolvc^l and 
titrated. The filtrate from the oxalaU'i is neutralised with linu‘ 
water and an equal volume of alcohol added in order to prc(ui)il.at<* 
the calcium citrate, which is weighed. 

The mother solution of precipitate A may contain citric 
acid and malic acid. The solution is neutralised with lime water 



APPENDIX II 


383 


and, after adding calcium chloride, is heated in order to preci¬ 
pitate the calcium citrate, which is weighed and added to the 
previous quantity^). Excess alcohol added to the filtrate from 
this calcium citrate precipitates the calcium malate, which is 
weighed. 

JoEGENSEN carried out the difficult quantitative separation 
of citric acid and malic acid in this way: — 

Tho solution containing the two acids is brought to a faintly 
alkaline reaction, then the barium hydroxide and 28 % alcohol 
are added. The precipitate formed is barium citrate and is thus 
separable from the much more readily soluble barium malate. 
This method is not reliable in the presence of calcium which preci¬ 
pitates as a mixture of citrate and malate on neutralisation. 

1) This part of the citrate may be proportionately quite large. 

N. B. All quantities arc small and require small scale apparatus 
together with meticulous care, in order to get oven a 90 Vo accurac}'. 
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for Race A pH 5.5, Race H pH 6.0. In diseased trees t.he h. i. c. is 
higher than normal, <*. g. pH 4.4 4.6 or even pH 3.6 3.8 in some 
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ciolloidH than in tho pH of Iho other HtK*in I.Ihhuch. '’I’lu* apparent IKP 
in Hhown to be really an e<piilibrium point, Homewhat an (U^Horihed 
above in OhapterH XVr—XX. The R. I. M. ih uwed anti the R, I. M. 
results f];ivcn above are eonfirmetl as distint^t from ZAeiiAUowA’s hi^h 
values, thus — 


(V)eld(‘aria armoraeia. . . 
Ligustnim vul^are. . . . 
Rhododendron maximum. 


IMdoem (lambium Xylem 

r).8 (i.o r).d d.o 

4.8 - 5.8 (4.5) 5.4 0.0 (4.(1) 4.*! 4.1 (5.0) 
5.2-«.0 (4.7) 5.4 0.0 (4.0) 4,4 5.0 (5.8) 
( ) probable IKI* dt'termined by dye uptake minima. ^I’ius auth<»r 
(ioneludes vt^ry wisely that in the fixin^j of an etpiilibrium point other 
factors as well as pH are effeetivt'. Htill anot.lier tlu^ory of etdl ^^rowt.h 
and differentiation is also <‘onsid<»r(*d. 


Pt’KiKKKii, H. 1029. Der isoelektristdie Ihiiikt von Zell(*n und (tewtdx*. 
dambrid/re Iliologieal Reviews 4, I. Biologit'al work on IMP lias <i<Mdt, 
not with the true IKP, but with an apparent IKI^ which dt^ptMids 
primarily upon tht^ reaction at which th<‘r<^ is a maximum of ntMitral 
molecules. (Compare (3hapt(»rs XV'I X.X above; even this ^j(<‘nerali- 
sation may not apply to some of the soealltMl istxdeetrie point, tlata, 
e. g. to observations which are really eolKU'rntHi with th(‘ bufft^r complex 
of the sap in relation to external fluids. 

Pfkiffkr, H. 1929. Klektrizitilt uiid Eiweifie. Dresden. Proteins and 
their electrical properties as ampbot<‘rie (X)lloi(jy^ an» eonsiden*d in 
dcUil, iiHiludin^j; olcctrk^al e.han^^es with variation in pi I. 

Davis, K. K. 1020. Some chemical and physical studies on tlu* nahin» ainl 
transmission of “Infectious (^dorosis” in varief^ate<l plants. .Ann. 
Missouri Hot. Clarden 10, 145. Klee.trometrie (leUTininalions of li. i. c. 
were made by the ((uiidiydrone (de(*trodt* imdhod, modified to aeeoin- 
modatc (h'termiiiations nm<le in single drops of <'xpr(‘ssed juice. 

Kiollkk, R. and others. 1020. Klektrostatik in (1 (t Hioehemi(*. Kolloid- 
ehemisclie Beibefte, Sond<TaiJSfj;abe 28, 7 --10. Vortra/^e <h*H Kiin.<‘s 
in Basel. Oktober 1{)28. Dnwien. 


Aiimstrong, J. I. 1020. Hydro^j;en-ion IMienomena in IMants. (A n<*vv s<‘ri<'s 
about to appear in Protoplasma 8). 

r. Hydrion doneentration and Buffers in the Kun^ri. 'I'liesis d. B. 
An account of the tissue reactions of various funj'i (se<* p. 1)5 above), 
together with d<*tail(*d analyses of the buff<TH |)r(‘S(Md in s<*h*<'te<l 
species (sec p. 561 above). The buffer eomph^x of ('olhjhia rrluHprs 
would appear to be more or less eompl(‘t<*Iy analysed, 'riu* <Iata. ^riv<*n 
are more up-to-date than those abov<‘. 

II. An investigation of the Bufhr (‘omplex of Sap from th<‘ Stems of 
Prlartjonium h]\ Thesis Q. U. B. A detailed analysis of tin* buffe*r 
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HyHtoms oonstituting the buffer complex in the stem of Polargouiuw. 
Hp., which includes the following —.010 M phosphate; .0537 M oxalate; 
.0337 M malato; .0066 M tartrate; .003 M citrate and a small quantity 
of an tinidontified hydroxide; explaining from 80 to 100 per cent of 
the buffer index of the sap in the range pH 3.0—7.0. 

11 r. The Acidity of certain cell-walls considered in relation to the higher 
fatt.y a({idR. MS. Q. U. B. A systematic survey of the reactions of the 
higher fatty acids with the R. I. M. indicators; the acids used include — 
polargonic, (tapric, lauric, myristic, palmitic, margaric, stearic, ara- 
c.hidio; tiglics oleic, crucic, linoleic, ricinoloic and dihydroxystcaric. 
I'hcso show various degrees of “base-avidity” in relation to indicatexr 
a(U(ls, and the phenomena observed furnish a reasonable explanation of 
the colorations obtained with the R. F. M. tised on lignifiod, suberised 
or cutinised cell-walls. 

liu.XTON, I^. H. and DARnisiiiiiK, F. V. 1929. The pH Value of Cell Sap 
of Flowers. I and II. Jour. Roy. Hort. Soc^. 54, I. 

T. Deals with pi I values obtained by macerating dried petals in distilled 
water for various periods. 

II. Deals with pH values obtained with a B, I). H. Capillator on tin* 
expressed juices of white petals. Two average initial points at pH 6 
and ai. pll 5.6 are given. Data for fresh sap of whitish petals '■ RIhhIo- 
tioMtinm 4.0; paeony 4.5; poppy (Shirley) 4.5; lupin 4.6; rose 4.7; 
Atjuilcgia 4.8; primrose 5.0; /m Kav.mplvri 5.0; (^anipamila 5.5. 

liuxTON, li. H. a.n<l I)ARinsniHK, F. V. 1929. On the Ixduiviour of “Antho- 
eyanins” at varying IF. i. e. «lourn. of Ceneties 25, 1 (April) 71. A 
valuable contribution — yellow and the yellow element of green in 
petals are trae.(Ml to flavotu^s which go ytdlow above pH 8; two groups 
of ant-hoeyanins are distinguished; both of which are red at pH 3 and 
pinkish up to pH 5: the type gives a mauve about pH (> and 

el(‘ar blue at pH 7, passing to grecMis above pH 7 if flavoru's an‘ pres(‘nt: 
t.h<^ ‘‘red” type iHiv<*r shows blue but pass(*s to red again at pH 7 and to 
browns abov<* if flavones are pn^sent. Many (‘xampl(‘s ant given of 
typical ‘’bliK*” an<l typical “red” fIow<*rs, together wit h int(Tinediat<‘S 
wlu'H^ both el<*m<mt.s are present in varying proportions. Atiagulhs 
is aberrant. 

SvKDBKRO, Till*:. 1929. Mass and Size of IVotcdn Moh*e.ules. Natun* 123, 
871. All stablf native. proUdns so far studuxl show two groups: 

1. ha(uno(\yanins with molecular weights of the ord(‘r of millions; 
(». g. from blood oi IIehx pomatia Ti.OOO.OOO mu\ 12//// radius, and 
from Linnilua poUjphv.mm 2.()0<).()()() and non-spherieal. 

2. all other proteins with mol. wts. from about 35.()()() to 2I6.()<)<); 
showing four sub-groups: 

(a.) spheri<*.al, e. g. ovalbumin, Hcnee-tJoncs’ protein; 

(b) non-spherieal, mass 2a, e. g. haemoglobin, serumalbumin; 
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(o) non-spherical, mass = 3a, o. ft. sorum ftlobulin; 

(d) spherical, mass=--6a, o. ft. Rhoclophycoac-phycouyan, dyano- 
phycoao-phyoocyan, Rhodopljy<!cao-phycooryihriii,<Kl<»Htin, (»x- 
colsin, amandin. 

Molecules of sub-ftroup (d) are diHaftftroftatod with inoroaHinft pH, 
pasHiuft to sub-group (c) wholly or iii part when tho pH is chaiiftod 
from 4.6 to 6.8, or to Hub-group (a) at pH II 12. EdoHtin is Htablo 
from pH 5.5 to pH 10; at pH 11.3 Romo mohuuiloR arc diHaggrogatod 
to sub-groups (b) or (o). 

(See pp. 1 and 322- -3, Vlks* HuggoHtion of vnaiablf protoin 
oora^xes varying with (thangcR in pH m Htrongth<‘nc*d by t.hirt 
work. 

Brooks, M). M. 1926. Studies.X. Tho infhu'noo of (‘xperinu*nt-al 

conditionH upon the ixuiotration of nu^.thylono blue and trimothyl 
thionino. Protoplasma 7,1, 16. Tho total penetration of methylene blu(» 
into tho cells of Nitella and Valonia is again found to bo independent 
of tho pH of tho oxtornal solution. (S(w also Proe. Nat. Acad. Sci. 13, 
12, 821. and Univ. Oalif. Pub. Zoology 31, 6, 70.) The rate of peiu*- 
tration is, however, now found to vary with tho exU'nnd pH, Ix'ing 
loss rapid at pH 5,5 and moro raphl at pH 8.83 (See pp. 314 317 

above). 

Brooks, M. M. also has a scries of “Studios on tho Permability 'cTf Living 
and Dead Cells** in Public Health Reports, U. S. P. H, S., Washington; 
Reprints Nos. 845, 846, 866, 888, 986; which it is h(»ped will he nuuie 
more generally available in a forilusoming volume of Prot-oplasina 
Monographi<*n. 

L 845. .Deals with tho penetration of acids into Vahtiia. 'I’lic nelural 
- 8ap<liad pH 6.2 - 6.4, or pH 6.6 6.8 with free CO* n*mov<‘<l, or <‘v<‘n 
pH 8.4 with further aeration. HOI and HNO,., lower tin* sap value 
pH 5.2 by liberating (JO2. 

II. 846. Deals with the*, penetration of alkali hiearhoimles. 'Phese also 
decreased the sap pH to 5.2 5.4, NaH(J()3 acting more rapnlly thiin 
KHOO3, but the pH of the (jOj-free sap was invrvmvd more, rapidly 
by KHCO3 than by NaHOOs, indh’^iting a more rapul pen<*trat.ion of 
tho K-iou. 

HI. 866. Deals with the penetration of alkalit's and arninoniuin salts. 
NH4OH, NH4CI and (NH4)2S04 raise the sap valii<*H to ahov<* pH 8 
in 20 -60minutes; (NH4)aC04 raises it to about pH 7.5 in 20 mins, 
Tho toxicity of the first three deereases from left to right. NaOH and 
KOH have very little effect upon tho internal pH, even aft<ir 90 mins. 

IV. 888. Deals with tho penetration of arsonit^ into wall, protoplast an<l 
sap of Valonia; tho protophist takes up most and th<njuantityinereas«*s 
with divergence from neutrality (oxU^rnally) in both dinxitions. JMios- 
phate buffers have a strong effect, decreasing p(*iu4ration inark<‘dly. 
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or CO, increases the penetration of pentavalent arsenic into 
the protoplast by 150 per cent and decreases the trivalent arsenic 
by 25 per cent, but the penetration into the sap is increased about 
100 per cent for As^Og and about 25 per cent for AsgOg. 

V. 986. Deals with the effects of NaHCOg and NH4CI on arsenic pene¬ 
tration. A minimum is again found at neutrality in the external 
solution for both protoplast and sap. Decrease of internal pH with COg 
(NaHCOg) gives increased penetration with pentavalent arsenic for 
both sap and protoplast, but with trivalent arsenic an increase for 
the sap and a dec-reaso for the protoplast. Increase of internal pH with 
NHg (NH^CJl) gives with pentavalent arsenic decreased penetration 
for both sap and protoplast, but with trivalent arsenic an increase of 
penetration for both sap and protoplast. (See and compare the re¬ 
marks at top of p. 319 above.) 



INDKX TO PI.ANTS 


AbicH H8. l()(i 

Adcr 10!) 

Achilla 113, 118 
Adoniiiim lOO 
Aojujopodiom IK) 

Aothaliiim !)4, 302 
AethuHa 110 
Aconium 2!)3 

AcHCJuhiH 08 
Agarioim 1)5 
A^^rimonia 113 
A^rostis 80 
Ajuga 111 
Ak'.hemilla 108 
alfalfa, kco Modicngo 
Algae !)3, 308 
AliHina 104, 117 

Allium 303, 307, 310, 350, 307, 
308 

Aloe 104, 20!) 
arboroHeenH 2!)2, 2!)3, 208 
eyrnhaefolia 2!)3 
variegata 104, 208 
alsikc, Hee Trifoliinu 
Amauita !)5 
AmpelopKiH 100, 121 
AnagalliH !)8 
Au(dniHa 3!) 

Auemotie 100 
Anthemis 08 
AnthriscuH 110 
Antirrhinum 112, 118 
Apium 110, 118 
apple, Hee PyruH maluH 


ArabiH 107 
AraiK^aria 88 
Arhaeia 303, 307 
Arrneria 111 
Armillaria 04, !)5 
Aren aria 105 
ArtemiHia 114 
AHparaguH !)7 
Anperula 113 

AnpergilluH 300, 308, 30!), 310, ,311, 
312 

AHpidium 00 
Anplenium 00 
Anter 113 
Atripl(‘x 105 

Aueuba 140 118, 101, 102, 10.3, 101, 

105, 172, 177, 17!), 180 181, .348, 

.3.50 

Avena 83, 88, 202 
Azal<‘a- 08 

BaeilluH 82, 88, 205 
BaetiTia 83, .300, 310, 311, .3.31 
Barbarea 107 
barl(‘y, He<‘ llonhunn 
Ba.Hidinl)oluH .340, .347 
bean, H(‘<‘ \'icia fa bn 
and PhaHcoluH 

be<‘ts H<‘(^ B(4a. 

B<‘g()nia 08 
Beilis 113 

Beta 51, 81, 82, 88, 320, 308 
maritima 105 
vulgaris 81, 82, 83, 08 
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bilberry, hcm^ Va<!<?iniuni 
blackberry, see Rubus 
blae.k (iurraui, hoo RiboH 
Bora^o 111 
Bonietia 347 
BraHHiea 81, 107 
campeHtriH 107, 121, 308 
oloracm 81, 08, 308, 327, 343 
oleifera 82 
Browallia SO 

Bryophyllum 82, 87, 108, 124--128, 
120, I0(), 200, 207, 337, 350, 
304 

bu<‘.kwh<*at., hco Fap;opyrum 
Ibiddleia 111 
Buxuh 310 


cabba|L(<‘, He<i IJra-Hwica 
(lakile 107 
(Uleeolaria 112 
(\'il(‘i)du]a 114 
dalyHtegia 111, 121 
(Campanula 113 
(^apsella 107 
(^arcinuH 323 
Oardaniiiie 107 
(^a.rii<*^ia 318 
(•.arrot., h(*(' Daueiw 
(•arum 110 
(VdruH 88 
(Vnt.aun*a 
<'VamiH 30 
inoiitaiui IM 
ni^ra 114 
(Vid.raidliuH 113 
(’ephalotaxuH 88 
(Vrastium 105 

toriU'ntoHiim 105, 130 -130, 100, 
101, 103, 170, 350 
t.riviale 105 
(ler<‘us 110 

<'ham<)mil(\ ace AriMieinia 
(Jhaetoinorpha 317 


Ohara 303, 304, 307, 319 
Ghoiranthus 107, 139—143, 160, 
161, 164, 179, 350 
Ghonopodium 106, 121 
cherry, boo Prunus coraaus 
Ghondrus 93 
Ghrysanihemum 114 
Gichorium 80 

Oitnis 83, 131, 293, 327, 334, 357, 
365 

Gliwlophora 347 
Glarkia 110 
Glavaria 95 
CJIitocybc 04, 05 
(dovor, SCO Trifolium 
Giiicus 114, 122 
Goe.hlearia 98, 310, 348 
Oollototrichum 83, 308 
(Jollybia 78, 05 
Gonvallaria 104 
GoprinuH 05 
(U)ni, Zea 

cornflower, aee (Vntaurea (‘.yainw 
(JortinariuH 04, 05 
(Jotyledon 08 
coniH(^anH 203, 206 
liiif^uaefolia 202, 203, 206 
ohvallata 202, 203, 206, 353, 355 
(‘.oW'jH'a 123 

eranberry, h(m» Vac'c.inium 
(traaaula 107, 208, .355 
lae.U'a 203, 206 
lyeojKxlioidoH 107 
(>bovat>a 203, 206 
}>ort.uhiea. 108 
roH<*a 108, 208 
(VaHHuIacmt' 200, 311 
GratiK^j^uH 131 
Grepiw 114 
Gnx'UH 08 
GrypiomcTia 88 
GiKuimiH .326 
Guciurbita 87 
GuprcHBus 88, 166 
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daisy 98 
Daphnia 44 

Dauous 84, 97. 110, 198, 30S. 320, 
327, 356, 368 
Delphinium 100 

DianthuH 97, 100, 107, 172, 179, 
180—ISl 

Diccntra 100, 107 
l)ic^iyota 93 
Dif^italis 112 
DiotoHtcmon 293, 296 
Doronic.urn 114 

Jflohovoria J)8, 298 
glauea 108 
motalliea 107, 108 
K(?hiiiooa(*.tuH 110, 298, 350 
Kchinooanlium 303 
Eipilobium 109/110 
Equisctum 90, 315, 342 
Erodium 109 
Euphorbia 109, 121, 350 

Pagopyrum 83, 84, 85, 123, 242 

Pagus 105 

Pogaiolla 95 

PoHtuca 89 

Ficus 320 

Pragaria 327, 357 

PiichHia 98 

Fu(uis 93 . 

Pumaria 100 

Pungi 94, 95, 309, 334, 350, 308 
PuHarium 308, 315 

UalanthuH 98 
(ialium 113 

(laHteria 104, 297, 298, 350 
(loraniuin 109, 122 
CJeiim 108 
Olycino 123, 311 
gooBo berry, see Kiibes 
gourd, see dueumiB 
grape, He(^ Vitia 


Haworthia 104, 122, 350 
Hedera 110, 118, 348 
IlelianthuH 87 

aninniH 34, 54, 50, 57, 91, 131, 
183 -228, 241, 277, 278, 348. 
349, 350, 350, 305 
inultifloruH 197, 198 
tuberoBUH 113 
Helvella 95 
lieraeleum 110 
Hieraeium 115 
Himanthalia 93 
Ilordeum 83, 84, 80. 89, 320 
HytwunthuK 80, 97, 310 
Hydrangea 80 
HyiH^rieum 109, 121 
Hypboloma 94, 95 
Hypochoeris 115, IIS 

Iberia 107 
Ilex 133 
Inula 113 
Ipomea 81, 320 

JunipeniK 88, 132, 100 

Kleinia 114, 115, 122, 293, 290, 355 

lia<4.ariiiH 94, 95 
Lmduea 350 
Laminaria 93, 94 
Lam ill in 119 
album 111 

pur(>ur(Mim 111, 143 115, 101, 

102, 103, 179, 348 
Lantana 81 
Lapsana 114, 3.50 
Larix 100 
LathyruH 39, 109 
Laureneia 93 
lemon, h(‘<* (’ilrus 
U^otia 95 

lettucie, see. La(4.uea 
LiguHtrum 111, 148 151, 101, 102, 

10.3, 104, 105, 173, 177, 17i), 180 
bis 181, 348, 350 
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Lilium 104, 117 
limo, Hoo (3itru8 

LimnaiithoH 109, 118, 121, 169, 170, 
174, 179, 180—181 
Liuum 89 
Listcra 104 
Donioora 113 

LupinuH 83, 80, 86, 87, 89, 132 
albua 108, 293 
LychuiH 105, 117 
LyHimachia 110 

Magnolia 97 
Mai-gUktkcluMi 97 
Marchatitia 95 
Matricaria 113, 114, 118 
Matthiola 107 
Mc(licafi;o 

Hativa 83, 85, 123, 335 
Mciitha 111, 121 
Mercurial iH 
auiiua 109 
pcrcmiiH 87 

McHcmbryauthcnuuii 122, 292, 294, 
299 

cchiiiatum 293, 296 
Ijchmaiinii 293 
linga<4ormc 293, 296, 299 
Htclligcrum 105, 298 
t.i^riiuim 105 
Miinulus 112, 118 
Moiiilia 320 
MuHii 326 

musl.anl, h<m* iSmapis 
Mymia 95 
MyoHotiH 111 

NarciHHUH 97 
NaHturtiiun 107 
NopciithcH 14, 83 
Nicotiana 112 

NiU41a 23, 93, 276, 278, 301, 315, 
317, 318, 319, 324, 328 
Nymphaca 89 


oats, seo Avena 
Oonanthe 110 
Oidium 368 

Opuiitia 81, 89, 128, 298, 299, 320, 
321, 323 

orange, boo Citrus 
Orchis 104, 121 
Ornithopus 85 
Oryza 88, 202 

PaniiH 94, 95 
Papavor 106 
Paracentrotus 303 
Pwlicularis 112 

J^^argouiuin 54, 56, 80, 109, 180, 
320, 341, 348 
Pclomyxa 305 
Phascolus 308, 346 
Phlox 111, 118 
PhyllocactuH 110, 350 
Picea 88, 166 
Pi lobolus 94 
pineapple 327, 356 
PinuH 88, 97, 166 
J>iHum 85, 86, 91, 109 
Plantago 112, 113 
Poa 89 

Po(lo(;arpuH 88 
Polygala 109 
Polygonamic 297, 371 
Polygonum 105 
PolyporuH 95 
PolystictuH 95 
Polytricliuin 96 
Poteiitilla 108, 122 
PoHi(‘lHia 347 
J’rimula 80 
auricula 110 
obconica 80 
siucusiH 80 

vulgaris 110, 121, 170, 171, 177, 
179, 180—181, 350 
Prunella 111 

Primus 134, 326, 327, 356, 357 
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oorasus 98, 310 
laurocora»u» 98 
Pseudomonas 82 
Psoudotsuga 88, KiO 
Pulmotiaria 39 
pumpkin, see Cuoumis 
]>iiya 104, 298, 350 
Pyriis 350, 357 
oommunis 98 
cydonla 357 

n’lalus 97, 98, 133, 134, 105, 100, 
320, 320, 334, 304 

quinces see Pyrus (jydonia 

Uaudia 81 

Ranunculus 100, 118, 120 
Raphanus 81 
raspberry, hoc Rubus 
Reseda 107, 118, 121, 350 
Rheum 89, 97, 128, 310, 327, 350 
Rhododendron 80,151 153,102,104, 
105, 100, 174, 178, 179, 180 -181, 
297, 348, 350 
Rhoco 317 
Rhus 310 

Ribes 334, 350, 357 
groHHularia 97, 108 
sangiiinca 108 

Rieinus 82, 88, 131, 310, 343 
Roc.hea 292, 293, 294, 290, 299, 
353, 355, 350 
Rosa 39 

Rosacoae 297, 334, 371 
Riibas 350, 357 
Rumex 105 

Silsola 105, 122, 297, 298 
Salvia 118 

officinalis 111, 121 
v(»rbcna(!ca 98, 348 
SambucuH 201, 350 
Saprol(»g»i iacicae 318 
Saxifraga 108, 107, 174, 179, 180 
bis 181 


Scabiosa 81, 118 
arvensis 81, 113 
Huceisa 113 
Seuadojutys 88 
Scilla 80,* 104 
Scrophiilaria 112, 118 
SciiUdlaria 111, 118, 121 
Sccalc 83, 314, 320 
SiHlum 107, 208 
Sedaginclla 90 
Seunpervivum 82 
S(‘nc(Uo 
jacobaca 114 
sylvalicinn 114 

vulgaris 114, 145 140. 100, 101. 

102, 179, 348, 350 
St‘(|U()ia 88 

scrrnd(4Ia, sc<* Ornitliopus 
Slu^rarelia 113, 122 
Silcnc 100 

SinapiH 57, 82, 83, 85 
Skedetoneuna 03 
snowdrop, see* (hilanthus 
Solan um 118, 119 
dulcamara 112, 121 
lycojxTsicurn 112, 131, 297, 327, 
357 

nigrum 112 

tuberosum 82, 83, 112, 205 291, 

304, 307, 308, 309, 311, 310, 
320, 320, 329, 341, 350. 300 
Solidago 113 
SonehuH 115 
soy bean, see iJlyeiiu* 

Spilantlu's 113 

Spirogyra 93, 97, 123, 128, 310, 
317, 324 
Sl.a<*hyH 111 
Stellaria 105 
strawl)<‘rry, s<m‘ Kragaria 
Sl.rongyI()C(‘ntrol us 310 
Stylonyehia 305 
Symphytum 111 
SyiH’hytrium 83 
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Tanaociuni 114, 122 
Taraxa(uim 53, 98, 115 
Taxus 88, 97, 341 
Tcllima 108 
T(nu!riuni 111 
Thuja- 88 
Tilia 132 
Till(4aa 83 
t-irnot-hy 85 

t-oiuat.o, H(‘<‘ S. 1 yc()p(‘r.si(nan 
4\)rr(\va 88 

4’ra(l(‘Hc*.aiit.ia 104, 313, 310 
Trent-(‘i)()hlia 347 

Trifolimu 83, 84, 85, 123, 198, 
242, 305 

Ijybridutn (alsik(‘) 85 
|)ra4.(airt(‘ 83, 108 
repunH 108 
Tri^lo(!hin 104 
4'rilliiini 97 

d’ril-icuin 83, 85, 88, 129, 130, 202, 
287, 320 
TrolliuH 10() 

'rn)i)a.(‘()Iurn 109 
'r.su^a 88, 100 
Tulipa 97 

turni[), s(‘(‘ Bras.sica 
'r\'phula 95 

Ulinana 108 
riva 93, 202 


Uriica 105, 117, 323, 352 
Ustilago 318 

Vacciiiium 98, 334 
Valerianella 113 

Valonia 44, 93, 315, 317, 318, 333 
Veroniea 

anderHoiii hybr. 153—150, 102, 
103, 104, 105, 175, 178, 179, 
180—181, 348 
bomibunga 112, 298 
cbamaedryH 112, 122, 123 
V5rburuum 150—159, 100, 102, 103, 
104, 170, 178, 179, 180 -181, 
348, 349 
Vicia 85, 109 

faba 52, 54, 50, 03, 81, 85, 80, 
91, 97, 108, 109, 121, 229 204, 

278, 349, 350, 370 
Vinca 111 
Viola 80, 1 10, 1 18 
Vortic(41a 305 

wluait, H(‘(‘ Triticuiu 

Xylaria, 95 

Yca-Ht 308, 309, 310, 311, 334 

Z(‘a lua-iH 81, 83, 85, 80, 87, 124, 
128, 129, 132, 20(5, 320 

occur in ApfXMidix III 

(OlruM, (’ocbl(‘aria, (^ollybia. Fungi, 
Nil-(41a, Fa,(‘oniu, 
Hbodod(ai- 


Tb(‘ I’ollowin, 

Ana.g.ilbs, A(jud(‘gia, (inula.. 

Helix, 11(‘X (tnilc), Iris, Ligusl.rutn, Littiulus, Lupinus, 
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